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Abstract
A detailed experimental study of three flows downstream of attachment is reported; i) a 
two-dimensional co-planar flow, ii) a non-coplanar spanwise invariant (swept) flow and zzz) 
a fully three-dimensional flow. These flows were formed on a blunt thick plate where for 
the last case the separation line was in the shape of a downstream-facing v. A special 
feature of the last case was that the fully three-dimensional region was bounded on each 
side by a region of spanwise invariance(as investigated in zz)). Mean velocity and turbu­
lence quantities were measured using hot-wire and pulsed-wire anemometry. The Reynolds 
number based on plate thickness was 8200.
The development downstream of attachment is slow and non-monotonic. A dip in the 
mean velocity profile could be seen in all cases. The development in zz) is slightly quicker 
if scaled on the streamwise distance to attachment, X r , but is similar to z) if scaled on 
Xr cos(0), where 6  is the sweep angle. The downstream flow in Hi) is much thicker than 
the other two flows because of the inward-flow generated in the separated region (cross 
flow from each side). The height and width of this ‘bulge’ grow in approximately constant 
proportion, and this bulge-like feature persists far downstream, perhaps indefinitely. A 
logarithmic law of the wall, consistent with independently measured wall shear stress, is 
established in each case, but curiously, more quickly in the fully three-dimensional case 
even though the distortion in the outer layer is much stronger and the length scales of the 
large-scale motion are larger.
For i i \  the Reynolds stresses are lower than in z), but all the second moments in these two 
cases fall below the respective levels in the standard boundary layer before rising slowly.
In Hi) the Reynolds stresses are much higher than in the other two eases, and only u 2 and 
uv fall lower than the standard levels at the last measurement station, u 2 and wU are also 
the first two Reynolds stresses to fall below that of the standard boundary layer in the 
other two cases. It seems likely that the Reynolds stresses in this case will need a much 
longer distance before they settle to the standard levels, if ever they do.
Balances of the turbulent kinetic energy and shear stress transport equations are also given 
for each case, at two or more streamwise stations.
Low-frequency flapping is seen in each case. In ii) it is closely double that in z), indicating a 
modification of the entrainment mechanism. The shear-layer frequency (indicative of large- 
scale structures) in zz) decreases linearly with streamwise distance over the first half of the 
bubble (scaling on the component of free-stream velocity perpendicular to the separation 
line), and then becomes constant, as in z). In contrast, in Hi) the shear-layer frequency 
decreases continually along the bubble ( at least as far as 2 .1Xr).
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C h a p t e r  1
Introduction
1.1 General Introduction of This Study
Turbulent separation and reattachment of a fluid flow on the surface of a solid body 
happens in many fluid dynamic situations, and in structural terms, is one of the most 
complex phenomena of turbulent flows. Experiments play a key role in the research on 
turbulent separation, reattachment and the flow downstream, to provide better physical 
understanding as well as data for testing computational methods.
Two categories of separation can be defined. One type occurs at the discontinuity of 
a body surface. The other happens in boundary layers on smoothly curved surface in 
an adverse pressure gradient, when the bottom of the boundary layer has lost too much 
momentum to overcome the adverse pressure gradient. These two types of separation 
have much in common. A significant one is the pressure decreases soon after separation. 
The separated shear layer entrains flow from the region between itself and the surface 
from which it has separated, the entrained flow creating the reversed flow, and is coupled 
with the reattachment process. A consequence of the entrainment is curvature of the (mean 
flow) shear layers and a pressure within the region of separated flow lower than the external 
flow. The region between separation and attachment is called a separation bubble. The 
turbulence structure in the separation and reattached regions are very different from that 
in a conventional boundary layer.
The boundary layer which is formed on the surface upstream of separation becomes a free
1
CHAPTER 1. INTRODUCTION 2
shear layer after separation. At high Reynolds numbers this free shear layer changes to 
turbulent soon after separation if the boundary layer is not already turbulent. It entrains 
fluid from its immediate surroundings and becomes thicker. This phenomena usually causes, 
a reduction of the performance of the flow device of interest, for example, loss of lift on 
an airfoil or loss of pressure rise in a diffuser. Further downstream the shear layer either 
forms a wake, or it reattaches on to the body. This depends on the geometry of the 
body and the flow configuration. Inside the separation bubble there exists a weak counter- 
rotating eddy just downstream of separation and the flow recirculates, and this region is 
called secondary separation bubble. The flow in the bubble and the reattachment position 
fluctuates strongly. Velocity, static pressure and total pressure have large fluctuations both 
in the reattached shear layer and in the separation bubble. Vanishing surface shear stress 
or the fraction of flow reversal (say 50%) can be the criterion for reattachment on the 
condition that the flow is a steady time-averaged two-dimensional flow (Simpson 1996). 
For the first half of the separation bubble, the separated shear layer seems to be similar to 
an ordinary plane-mixing layer. The shear layer is thin enough for it not to be affected by 
the wall in several respects, but the reattaching shear layer has a very important difference 
from the plane-mixing layer: the flow on the low-speed side of the shear layer is highly 
turbulent, on contrast to the low-turbulence level obtained in a typical plane-mixing layer.
As two important methods of computational fluid dynamics(CFD), both large-eddy (LES) 
and direct numerical simulation (DNS) shed some lights on separated and reattached flow, 
though even the computation of flow with a separation bubble is extremely difficult. A 
large-eddy simulation of a backward-facing flow with Ren = 1.65 x 103 and expansion 
ratio E R  = 2 was carried out by Friedrich & Arnal (1990). The result agreed well with 
LDV measurements produced by Durst &; Schmitt (1995) at the same condition. Full three- 
dimensional direct numerical simulation was performed by Le & Moin (1994) and Le, Moin 
& Kim (1994) for backward-facing step with Ren = 5100 and expansion ratio E R  = 1 .2 , 
and the statistical results agreed well with low Reynolds number experiment of Jovic & 
Driver (1994). Recently Hardman (1998) compared his experiments with normal flat plate 
and splitter plate at Ren = 3800 by using two turbulence models, namely, an eddy viscosity 
‘k — e' model and a Reynolds stress model; the computations agreed reasonably well, and
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predicted some features, but could not be said to provide an accurate overall prediction.
Alam & Sandham (2000) performed a direct numerical simulation of laminar separation 
bubble followed by turbulent reattachment. They concluded: “the boundary layer down­
stream of reattachment is initially very different from an equilibrium turbulent boundary 
layer” . A slow relaxation of the profiles towards equilibrium is observed. It takes about 
seven bubble lengths downstream before the profiles approach to the accepted logarithmic 
law of the wall. The profiles all lie below the log law up to the point, which was firstly 
noticed by Bradshaw & Wong (1972), and Castro & Epik (1996) found the similar behav­
ior from experiment for flow downstream of a two-dimensional separation bubble on a flat 
plate with a blunt leading edge.
A majority of separated flows are three-dimensional in the time mean, whereas, almost all 
the investigated separation flows both experiment and computation are for two-dimensional, 
coplanar separation. In general, thorough studies have been carried out on separated two- 
dimensional flow by different authors, both experimentally and numerically. A collection of 
the most typical ones is given in Fig. 1.1, including backward-facing step, various profiles 
with a splitter plate, axisymmetric backward-facing step and blunt plate. Relaxing layers 
provide a useful test of boundary layer calculation methods which take into account the 
upstream history of the turbulence. There are not many detailed measurements of the 
flow downstream of reattachment, especially three-dimensional reattachment. Therefore 
detailed measurement in this region is needed, as most flows of the practical concern are 
tree-dimensional in nature ( in a time-average sense).
1.2 Objective of This Study
The main objective of this project is to make an experimental study of the flow downstream 
of three-dimensional separated and reattaching flow of the type studied by Hardman (1998). 
A blunt plate shown in fig 1.1(e) was used to generate the separation bubble. This config­
uration provides a fixed separation position with a laminar separating shear layer that is
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extremely thin compared with the whole bubble scale. Moreover, the model is very sim­
ple in shape and construction. This geometry has also been studied extensively by other 
authors, for example, Castro & Epik (1996), Ota &; Itasaka (1976).
The framework suggested by McCluskey, Hancock & Castro (1991), which was also used 
by Hardman, is adopted in this study. McCluskey et al. considered a periodic separation 
line as shown in Fig. 1.2, where the flow width ( the wavelength of the periodicity) is large 
enough for the flow to be invariant with z' in analogy with ‘infinite’ swept wing flows. 
They called this type of the flow ‘ spanwise invariant’(region A). The flows in region B and 
C are, respectively, converging and diverging flows, both providing examples of complex 
separated flows. Ideally, these are ‘bounded’ by spanwise invariant flows, which in turn are 
linked to two-dimensional coplanar flows. Table 1.1 shows which rates of strain are zero, 
and which are none zero. Fig. 1.3 shows the separating and reattaching streamlines on the 
vertical planes aligned with x  direction. Only in a spanwise invariant flow is the separating 
streamline also an attaching streamline. The present study is mainly concerned with the 
flow downstream of region C, for which it will be necessary to use three axis systems as 
shown in Fig. 1.4.
Table 1.1: Regions to be studied and their strain rates
Regions and Configura­
tions
strain rate terms
two dimensional co­
planar, unswept blunt 
plate
— ^ 0  — =  0 8X ' ' dY ' ’ dZ
— 9^0 — =  0
Mr _  n l r  ! n I  nQX U> B Y  U’ BZ  U
Spanwise invariant region 
(region A), single swept 
plate, doubly swept plate
M  4  n ^  ^  o t  _  n QX > U’ BY ' U) QZ
— 9^0 — =  0 dx t u’ BY ' U’ BZ dw _l n ow _ l  n oW __ n
On planes of symmetry 
(region B and C), doubly 
swept plate
ax > ’ BY < U’ BZ
— 9^0 — =  0 ax t u’ BY < u’ BZdw _ r» o W  ___ n o W  / n
QX U’ QY U’ az w u
Central region of doubly 
swept flow
b u  /  n  w  /  n  m j _l  n
ax ' ’ B Y  ' 5 BZ T  0
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The first stage of this work is to make preliminary measurements downstream of a two- 
dimensional co-planar separation bubble and the flow downstream of a ‘spanwise-invariant’ 
bubble. Based on the results of the preliminary measurements, detailed measurement of 
down-stream of (i) , coplanar (ie, unswept) flow, (i i) a two-dimensional, singly swept flow, 
and (in) a doubly swept, fully three dimensional flow would be carried out, and detailed 
analysis on the development of turbulent properties would be made for these three cases.
At the end, it is hoped that the results of this research will contribute some understanding 
of relaxing of separated bubble, and provide some useful data for validating CFD code.
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(a) backward facing step
URef
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( )  f i  t  (b) various profiled body with splitter p late
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URef
(c) Axisym m etric backward-facing step  (d) fe n c e  with splitter p late
URef recirculating flow
^secondary separation  
bubble
(e) blunt p late
Figure 1.1: Various geometries used for separation flows
Flow
Separation
line
Figure 1.2: Regions A, B, C downstream of separation line and three coordinate systems
x' is perpendicular to the separation line
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a)
b)
c)
Figure 1.3: Streamline on x-y planes 
Streamline on x-y planes; a)Region A (d W /d Z  — 0 ), b)Region B, converging 
flow(dW /dZ  < 0), c)Region C, diverging flow (d W /d Z  > 0 )
External
Flow
Separation ^  
Line
Figure 1.4: Axes systems used in the present study 
Axis systems used in the present study, Tunnel axis: X ,Y ,Z ]  swept axis’.x,y,z\ plate 
axis:x',y', z' ( y is perpendicular to other axis)
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Literature Survey
It is necessary to understand the physic amount of separation bubble before actually inves­
tigate the downstream of it. A considerable of information is available on two-dimensional 
separated and reattaching flow as the following literature review indicates. These are 
documented first before discussing the behavior downstream of attachment.
2.1 Separation and Reattached Flow
The study in this thesis is confined in incompressible turbulent shear layers restricted 
by a wall where the flow separates from and attaches at the wall, and then a closed 
reverse-flow region or bubble are formed. Separation may be free, as in a boundary layer 
on which an adverse pressure gradient is imposed, or fixed, as at a sharp edge. When 
the rate at which the lower edge of the separated shear layers propagates toward the 
surface exceeds the rate at which the reversed flow region widens under the influence of the 
pressure, reattachment happens. Nominally the flow is two dimensional up to separation 
and upstream of reattachment and steady in the mean. At least two distinct types of 
bubble exist. These are the weak reverse flow region (WRF) and strong reverse-flow region 
(SRF), according to Fernholz (1994).
Due to a sufficiently strong adverse pressure gradient, the turbulent boundary separates 
from the surface, which characterized the WRF separation. The process of it depends on 
the upstream history of the flow and the boundary conditions in the streamwise direction.
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WRF is exemplified by measurements in a boundary layer with a long and shallow sepa­
ration bubble as in Dengel h  Fernholz (1990). For SRF, a boundary layer separates from 
a sharp edge forming a separated shear layer, which is often curved, covering a cavity-like 
flow. The flow is largely independent of its upstream history if the upstream boundary 
layer is turbulent, which could refer to the study of Ruderich & Fernholz (1986), Castro & 
Haque (1987) and Jaroch h  Fernholz (1989).
There are two types of separation if it is categorized by the angle between the separation 
line and streamwise direction. When the separation line is perpendicular to main stream 
direction, it is called unswept separated flow, otherwise, it is swept separated flow.
2.1.1 Unswept Separated and Reattached Flow
Extensive papers have been published on nominally two-dimensional coplanar separated 
flow by using several experimental geometries, as shown in Fig. 1.1 for the typical ones. It 
is helpful to understand the features of two-dimensional coplanar separated flow which is 
simpler compared with the three dimensional flow we are going to study; it will lay a good 
foundation for a better understanding of the complicated flow. This literature survey on 
unswept separated and reattached flow is a largely updated version of the survey written 
by Hardman (1998).
2.1.1.1 Bubble Length
The length from separation to reattachment point is defined as bubble length, and is a 
time mean parameter. It is very sensitive to the configuration of the separation flow, and 
there are a number of significant factors, which are treated in turn below.
1. Effect of pressure gradient on bubble length.
Studies of pressure gradient on the reattachment length using a backward facing step 
have been carried out by Eaton & Johnston (1981) and Kuehn (1980). For backward 
facing step, there is a ratio of the channel dimension downstream of the step to that
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upstream of the step, yi/yo, or called the expansion ratio (ER). In subsonic flow, 
this step expansion in cross section causes an adverse pressure gradient. A figure of 
reattachment length versus expansion ratio yi/yo  is shown in Fig. 2.1. There is a 
considerable amount of scatter, but a trend of increasing reattachment length with 
increasing expansion ratio is clear, or it can be said larger pressure gradient produces 
longer bubble length.
2. The effect of blockage and aspect ratio on reattachment length.
Smits (1982), Ruderich & Fernholz (1986), Jaroch & Fernholz (1989), Castro & Haque 
(1987), Hancock & Castro (1993), and Hancock (2000), have studied the blockage 
effect on bubble length by using a flat plate and a splitter plate. See Fig. 2.2, the 
variation of attachment length with blockage taken from Hancock (2000), a decrease 
in bubble length with increasing blockage is shown in all of the investigation.
Aspect ratio is defined by some as the tunnel width or width between side plates to 
height of the step or thickness of the plate. De Brederode (1975) argued tha t the 
flow was nominally two dimensional if the aspect ratio was larger than 10, but in 
Ruderich & Fernholz (1986) case, strong effects of three dimensionality were observed 
downstream of the bluff plate and De Brederode’s minimum aspect ratio may be 
too small for such an ‘overwhelmingly disturbed flow’. Ruderich & Fernholz (1986) 
further argued that the ratio of tunnel width W  to the length of bubble X a may be 
a better criteria to judge if two dimensional flow exists. However Cherry, Hillier & 
Latour (1984) claimed a minimum value of 15 blunt plate thicknesses for the existence 
of two dimensional flow. In Ruderich & Fernholz (1986) case, they stated their aspect 
width of 22 H f, where H f is the height of the normal plate above the splitter plate, 
was too small for the effect of the side wall to be negligible. Later, Jaroch & Fernholz 
(1989) argued that their aspect width of 37 H f was still not large enough to avoid 
the three dimensional effects at the center of the tunnel (The aspect ratio is 3.45 in 
their case if based on bubble length A 0). Hancock & McCluskey (1997) concluded 
6 to be safe. The factor of 4 is probably not larger enough for end effects to be 
insignificant in all respects-but was larger enough for the measurement in Hancock
(2000). It was also reported from Papadopoulos &Otiig (1995) that as the aspect
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ratio becomes smaller, the side walls effects penetrate the core flow and this results 
in an overall reduction of the reattachment length, but it does not go on decreasing. 
Hancock k  Castro (1993) also argued that bubble height in the center of the flow is 
larger than in a wider flow if the aspect ratio is less than about 2 bubble length.
3. The effect of free stream turbulence intensity on reattachment length.
Kiya k  Sasaki (1983), Castro k  Haque (1988) and Kalter k  Fernholz (2001) are 
three of the few investigations of the effect of turbulence intensity on separated 
and reattaching flow. They all reported that the length of the separation bubble 
was reduced considerably with increasing turbulence intensity. For example, Kiya 
k  Sasaki (1983) found that bubble length was reduced by 5% if the free stream 
turbulence was increased from 0.2% to 0.4%. Moreover, in Kalter k  Fernholz’s
(2001) case, the separation region can be eliminated for the boundary layer with 
an adverse pressure gradient at 6% free stream turbulence, due to the separation 
induced by adverse pressure gradient being weak (WRF), though a certain amount 
of instantaneous reverse flow may remain.
4. The effect of flow state at separation on reattachment length.
The effect of flow state (laminar or turbulent) at separation on reattachment length 
have been studied by Narayanan, Khadgi k  Viswanath (1974), Eaton k  Johnston 
(1981) and Adams k  Johnston (19886). This parameter was found to have a signif­
icant influence on reattachment length (Eaton k  Johnston 1981). The bubble was 
30% longer when the boundary layer was turbulent rather than laminar. This is 
probably linked to the more rapid development of a free shear layer (mixing layer) 
when the boundary layer is laminar compared with when it is turbulent (Bradshaw 
k  Wong 1972). The bubble length for a transitional boundary layer at separation 
was about average value of the turbulent and laminar cases.
It was for two reasons that Adams k  Johnston (19886) made a detailed parametric 
study on a backward facing step. Firstly, although as bubble length data for various 
backward facing step cases became more numerous and the experimental methods 
for measuring the bubble length became more reliable, the measurements still had
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20 — 50% scatter. Secondly, as a function of the Reynolds number, the behavior of 
the bubble length in the Reynolds number region 1000 <  R en  < 30,000 changes 
substantially, where R en  is based on the height of the backward facing step.
The basic physical model used by Adams & Johnston (1988 6) was from Chapman, 
Kuehn & Larson (1958), who argued that pressure driven backward flow must balance 
the mass re-entrained by the bottom of the separation. Any factor which increases 
shear layer entrainment will decrease the reattachment length. Therefore, Adams 
& Johnston (19886) summarized the Reynolds number effect on the reattachment 
distance from previous backward-facing step experiments, such as Back & Roshke 
(1972), Armaly, Durst & Schoenung (1980), Eaton & Johnston (1980), Tropea (1982) 
and Westphal, Johnston & Eaton (1984), as shown in Fig. 2.3. They further con­
cluded, at low Reynolds numbers, which is below 1000, there is laminar flow both 
at separation and reattachment, and the reattachment length increase steadily as a 
function of Reynolds number. However, after the onset of transition in the separated 
free shear layer, the reattachment length shortens with increasing Reynolds number. 
The transition region, which is in the free shear layer after separation, is closer to 
the step with increasing Reynolds number, and therefore the reattachment point also 
moves toward the step, thus the bubble length shortens. For Ren  > 100,000, the flow 
is turbulent both at separation and reattachment, the bubble length become inde­
pendent of Reynolds number. Adams & Johnston also studied the effect of boundary 
layer thickness on bubble length. It was reported that in turbulent range, bubble 
length is nearly constant, though a weak downward trend of reattachment length 
with increasing initial boundary thickness was presented. However, in the transition 
region, if the flow is tripped, it would yield a longer bubble length. If the flow was 
not tripped, and remained transitional it had a smaller bubble length.
2.1.1.2 The Static Pressure D istribution B eneath  a Separation B ubble
Many experimenters have made measurements of static pressure distribution on the wall
beneath separating bubbles. The static pressure distribution on the solid surface bounding
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the separation bubble is qualitatively the same for the flow past a backward-facing step, a 
blunt-nosed body and the flow at a pipe entrance (Wolf 1987). When fluid is entrained into 
a free shear layer from a region bounded by a solid surface, the shear layer curves toward 
the surface and eventually reattaches to the surface so that a separated bubble formed. 
The curvature means the surface pressure is smaller than that above the bubble. As the 
reversed flow fluid moves back upstream it encounters an adverse pressure gradient due to 
the presence of the free stream, which causes a secondary separation. A widely used static 
pressure coefficient is expressed as below:
Reference parameters in this equation are taken in the free stream flow upstream of the 
separation. A typical distribution of pressure coefficient of two dimensional separation 
bubble formed at a blunt flat plate is shown in Fig. 2.4 (taken from Castro & Haque (1987)). 
There is a minimum at about half way along the bubble, then the pressure coefficient Cp 
rises toward and through reattachment. Profiles with different Reynolds number collapse 
together, suggesting that the pressure coefficient does not change with Reynolds number 
when it is high enough or only in a weak way.
The effect of Reynolds number on mean pressure has been studied by Narayanan et al. 
(1974), Cherry et al. (1984), Castro & Haque (1987), Hancock (2000). All of these studies 
suggested that Cp variation with Reynolds number is at most slight and confined to the 
lowest Reynolds number (Hancock 2000). Cp is independent of Reynolds number when 
the Reynolds number is sufficiently high, for example, larger than 6000, which is based on 
fence height.
Roshko & Lau (1965) were the first authors to renormalize the wall static pressure data 
by using a pressure coefficient defined by:
c; =  (2.2)
where Cprnin is the minimum value of Cp. Many workers since then have used this coeffi­
cient, such as Smits (1982), Hillier, Latour & Cherry (1983), Westphal & Johnston (1984),
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Ruderich & Fernholz (1986) and Hardman (1998). Roshko & Lau (1965) were also the first 
authors to show that distributions can be made to collapse closely as shown in Fig. 2.5. This 
includes works which have been made by using all separation geometries shown in Fig. 1.1 
(backward facing step geometries for thin boundary layer at separation only). However, 
this coefficient is certainly not a universal function for separated flow since it has been 
shown that it does not take account of the effects of a strong imposed pressure gradient. 
Devenport & Sutton (1992) studied separation flow of the axisymmetric backward facing 
step in the pipe ( see Fig. 1.1, c) with and without the center body. The bubble length 
was shortened by 70% with the center body but the pressure at separation and posterior 
minor pressure drop was equal for both case. The minimum of the pressure was located at 
about 80% and 40% of the bubble length with and without the center body, respectively. 
Furthermore, the pressure at reattachment was roughly equal for both geometries. The 
distribution of pressure downstream of the reattachment was remarkably affected by the 
center body. Accordingly, the distribution of C* for the two cases did not collapse at all.
Kim, Kline & Johnston (1980) attempted to renormalize the variation of static pressure 
coefficient with different area ratio (between upstream and downstream) by using a new 
normalized pressure coefficient, which they applied to a backward facing step flow, shown 
in Fig. 1.1 (a);
Cp =  T f  -C p n in  (2.3)
PAR Pmin
where CPAR is the Borda-Carnot pressure coefficient, which is defined as
C PAR = 2 ^ (1  -  Jjj),
where AR is the area ratio between upstream and downstream of the step. All the data 
with different area ratios reduced to a single curve in their case.
There are several parameters used to describe the pressure recovery in the second half of 
the bubble. C*max is renormalized peak pressure rise:
C  — C/~1*   Pmax Pmin / r\ j^\
p m ax  -|   \  )1 — Pmin
Where CPmax and CPmin are the maximum and minimum of the pressure coefficient.
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Follow the same way, the pressure rise at reattachment can be renormalized as below
* _  Cpr — Cps .
vr i r* \^*^/^ps
Where Cps and Cpr are the values of the pressure coefficient at separation and reattachment.
The values of peak pressure rise and pressure rise to reattachment are roughly constant 
for the backward-facing geometries with thin boundary layer (S /H  =  0) and bluff body 
geometries.
Adams & Johnston (1988a) have made a thorough study about the effect of separation 
boundary layer thickness on static pressure. They argued, for the range of Reynolds
number (800 < R en  < 40,000) and upstream boundary layer thickness (0 <  S /h  < 2),
the reattachment pressure and the peak pressure in the reattachment zone decrease in a 
continuous way with the upstream boundary layer thickness, as shown in Fig. 2.6, where 
C*ro is that with zero upstream boundary thickness.
2.1.1.3 The Steady and U nsteady Skin-friction B eneath a Separation B ubble
Several authors have made investigations of steady skin friction beneath a separation bub­
ble. These include: Smits (1982), Ruderich & Fernholz (1986), Castro & Haque (1987), 
Adams & Johnston (19886), Devenport & Sutton (1991), Fernholz (1994) and Hancock 
(2000).
Typical profiles of Cf, which defined as 2Tw/pUr2, taken from Hancock (2000), against 
streamwise position, are shown in Fig. 2.7 with variation of Reynolds number which is 
based on fence height, H, and free stream velocity, .
The general trend of these profiles with different Reynolds numbers are the same. The 
skin friction coefficient reaches a minimum about in the middle of the separation bubble 
and increases to zero at the secondary separation, which is caused by the adverse pressure 
gradient close to the fence. Between the primary and secondary separation lines, the skin 
friction coefficient is positive as the flow in this region is in the direction of the free stream. 
Cf  increases dramatically after reattachment and reaches a plateau several reattachment
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lengths downstream; Ruderich & Fernholz (1986) indicated 2.8Xa.
Unlike the static pressure and the bubble length, skin friction is dependent on the Reynolds 
number, as shown in Fig. 2.7. The coefficient decreases dramatically as the Reynolds 
number increases. This feature was also found by Devenport & Sutton (1991), Castro & 
Haque (1987). Furthermore, the experiment of Hancock (2000), which was performed at a 
relatively lower Reynolds number range showed the position of secondary separation line is 
sensitive to Reynolds number, although the reattachment position was not. From Fig. 2.7, 
the length of secondary separation bubble increases as Reynolds number decreases.
Adams & Johnston (1988&) argued that boundary layer condition in the first half of the 
bubble has a significant effect on Cf,  and the boundary layer condition at separation has 
less importance when the streamwise direction is normalized by the reattachment length.
Hancock (2000) claimed that flow width has an effect on skin friction and the higher wall 
skin friction at lower aspect ratio is a result of changes in the near wall flow. He further 
suggested that the flow width W / X a should exceed four if the flow width is to have little 
effect on the near wall flow. This sensitivity of the near wall flow may be accounted for by 
its low momentum, which means it is rather easily influenced by residual lateral pressure 
gradient imposed by outer flow.
Castro & Haque (1987) plotted the minimum Cf  which is renormalized by the minimal 
negative velocity occurring above the surface at the appropriate axial location, against 
the Reynolds number based on backflow velocity in the bubble (Un) and the distance 
between the minimum Cf  position and reattachment. The result of Castro & Haque’s 
investigation and the data from Chandrsuda & Bradshaw (1981), Ruderich & Fernholz 
(1986), Devenport h  Sutton (1991) and Hardman (1998) are shown in Fig. 2.8. The data 
from all authors with different geometries collapse reasonably well and they all lie on a 
line having a slope not far from —0.5, consistent with the idea that the boundary layer has 
laminar like features.
Fig. 2.9, which is taken from Hancock (2000), shows the behavior of the fluctuating (rms) 
component of skin friction coefficient. The value of C /  rises steadily from separation and
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reaches a maximum just before the reattachment. At reattachment the value is still high 
and further downstream it decays slowly. C /  decreases with the increase of Reynolds 
number.
Adams & Johnston (1988b) have studied the effect of boundary layer thickness and flow 
state at separation on the value of C /.  They stated that while the mean skin friction data 
shows a marked effect of transition, such an effect does not appear in the fluctuation skin 
friction. As boundary layer thickness at separation increases, there is a decrease in C /  
throughout the recirculation, reattachment and downstream regions. The reason for this 
may be accounted for by the increasing upstream boundary layer thickness leading to a 
decrease in turbulence level in the reattachment regions. C /  is a measure of the limiting 
value of u near the wall, and so C /  should decrease within the reattachment zone as the 
ratio of 8/H  is increased.
2.1.1.4 The Static-pressure Fluctuations and Pressure Spectrum  B eneath  a 
Separation Bubble
Kiya & Sasaki (1983) and Cherry et al. (1984) found that the distribution of r.m.s. of static 
pressure fluctuation is very similar to the distribution of skin friction fluctuations. The fluc­
tuation static pressure within the separated flow remains constant just downstream of the 
separation and its level is comparable to that upstream of the separation. Further down­
stream, there is a region of high pressure fluctuations due to secondary attachment. The 
location of maximum pressure fluctuations is slightly upstream of the mean reattachment 
line.
Papadopoulos & Otugen (1995) studied the effect of aspect ratio A R , which is defined as 
(flow width)/(step height) on wall pressure fluctuation using backward facing step. They 
stated that as the aspect ratio decreases, both the level and the zone of the large pressure 
fluctuations increase. For A R  =  4, maximum levels of fluctuation are observed at the 
centre plane. A further reduction in the aspect ratio leads to a decrease in the plane 
fluctuating pressure.
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Kiya & Sasaki (1983) argued, by using the unsteady form of Bernoulli’s equation and 
Taylor’s hypothesis, in the potential field, the pressure fluctuation spectrum is nearly 
the same shapes as the u spectrum, and the low frequency contributions to the pressure 
fluctuation could not differ markedly in the character from the low frequency velocity 
fluctuation, so that the surface pressure spectrum has nearly the same shape as the u 
spectrum near the edge of the turbulence region.
2.1.1.5 The Backflow B eneath a Separation Bubble
Many workers have made velocity measurements in the reverse flow region of a separating 
turbulent boundary layer. These include: Bradshaw & Wong (1972), Kim et al. (1980), 
Chandrsuda & Bradshaw (1981), Simpson (1983), Adams & Johnston (19886), with back­
ward facing step, Ruderich & Fernholz (1986), Jaroch & Fernholz (1989), Hardman (1998) 
with fence and splitter plate and Ota & Itasaka (1976), Kiya & Sasaki (1983) and Cherry 
et al. (1984) with blunt flat plate. The separated boundary layer are all same structure for 
flow generated by different geometries shown in Fig. 1.1
According to Simpson (1983) the mean reverse flow region can be divided into three layers: 
a viscous layer nearest the wall normally when y /y n < 0.02, where yn is the position for 
maximum backflow velocity; an intermediate layer that seems to act as an overlap region 
between the viscous and outer regions, normally when 0.02 < y /y n < 1; and the outer 
region flow. The maximum backflow velocity for a separating turbulent boundary layer is 
about 0.3Ur. It is the same for the flow past a thin normal fence with a splitter plate and 
the flow over a backward facing step.
One of the most widely cited model of backflow near the wall was proposed by Simpson 
(1983). For viscous layer, where y /y n < 0.02, Reynolds stress gradient can be neglected, 
and viscosity must have an effect, Simpson deduced the equation below from streamwise 
Reynolds averaged momentum equation, the equation
b - cv A ^  ( 2 - 6 )
where
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v2 dP
p = - j t p ^  <2 J )
For ‘outer’ layer, where 0.02 < y / y n < 1, the velocity must be independent of viscosity, 
requiring an overlap region implicate a logarithmic region, the Reynolds stress gradient 
term dominates the flow behavior. This leads to
E  =  —C ln — — D  (2.8)
Un yn
To force U/Un to -1 at y / y n, Simpson modified Eq. (2.8) to be
( 2 - 9 )
Simpson comments that mixing length and eddy viscosity models fail in the backflow be­
cause the Reynolds shear stress is related to the turbulence structure and not to velocity 
profiles. The mean velocity in the backflow is a result of the time averaging of the large 
turbulence fluctuations. Turbulence energy production near the wall is negligible and tu r­
bulence energy diffusion toward the wall is responsible for the turbulence energy which is 
dissipated near the wall. The tentative backflow mean velocity profile model Eq. (2.8) and 
Eq. (2.9) were obtained by using similarity dimensional and asymptotic behavior consid­
erations.
If the constant A is given the value 0.3, several worker’s data collapse very well with 
Eq. (2.9). However, Hardman found his data fitted better if the constant A  was given the
value of 0.4. Dianat & Castro (1991) found the best fit to their data to require a lower
value of about 0.23.
Hancock (private communication) gives a different explanation for the “outer” layer. He 
states as experimental evidence shows: ■$- = g (^ )  and ^  ( where N is yn) when
adverse pressure gradient is negligible. The usual argument requires from each equation: 
%  = / '  and %  =  Ung'jj, therefore
u2 U
f f  =  (2.10)
since right hand side is independent of viscosity, f  must be according to
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/ ' ( — ) =  A —  (2.11)
v yu T v
Where A is a constant. In Eq. (2.10)
< A ± -  =  (2.12)
V yuT N  N  v '
ie,
, mt ]V
^ )  =  ^ 7  (2-13)
Therefore
ff(l ) =  4 ln ( l ) + s  (2-14>
g(j(j) also needs to satisfy ^  =  0 and ^  =  — 1 at jfc = 1, so it is necessary to add an ‘outer’ 
function h (^ )  that satisfies theses two boundary condition and goes to zero as > 0
b 9 i^ - A> {i )+B+h^
where /i(0) =  0. From this
dU  1 uT N  . y  1
d y N  = U ^ J + ^ N
At §  =  1, h'( 1) =  —Ajjfc
and —1 =  A jj^ ln(l) +  jB +  h(l), so at = 1, B  = —1 — h( 1)
Thus
^ - 1  -
Now suppose, h(jj) = c (^ )n. This means ( n > 0,and h(0) =  0), and h '(^ )  = n c (^ )n_1, 
whereupon, h'{ 1) — nc = so c =  - ^ .
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Also, h( 1) =  c, we have
U_
Un
(2.15)
Eq. (2.15) is the same as that given by Simpson with n =  1 (Eq. (2.9)), except that is 
a multiplier of A.
Note Eq. (2.11) implies:
2.1.1.6 R eynolds Stresses
Jaroch & Fernholz (1984), Ruderich & Fernholz (1986), Castro & Haque (1987), Hancock 
& Castro (1993), Hancock & McCluskey (1997) and Hancock (2000) were the authors 
who measured Reynolds stress in a flow generated by a normal fence and splitter plate.
shear layer were independent of Reynolds number provided the Reynolds was high enough.
Reynolds stress, that even though the mean flow parameters of several sets of pulsed wire 
measurement are in reasonably good agreement, the Reynolds stresses do not concur, and 
Hancock & Castro (1993) showed this disparity cannot be attributed to end effects in 
these nominally two-dimensional flows. Hancock concluded, at ‘low’ Reynolds numbers, 
the Reynolds stress u2 varies dramatically.
Although u2 changes dramatically in magnitude with small changes of Reynolds number, 
the shape across the bubble layer remains unchanged, so it is very convenient to summarize 
u2 in the term of its maxima. The values of u2max/U^ef  near reattachment against Reynolds 
number from Hancock (2000) are plotted in Fig. 2.10, and the results of Ruderich &
(2.16)
SO
(2.17)
Before 1994, it was assumed that the Reynolds stress normalized by [/£,/ in the separated
Hancock (2000) found in his systematic investigation of Reynolds number dependence for
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Fernholz (1986) and Hardman (1998) are also plotted in this figure, u2 varies particularly 
strongly at low Reynolds number, though it remains constant at high Reynolds number. 
Recently, Hancock (2000) explained why u2 increases with Reynolds number. He stated 
that the first thing should be noted is that the outer free shear layer part of a separation 
bubble (a mixing layer) is subjected to two kinds rates of strain. One is an extra rate of 
mean strain originated from curvature of the main streamlines and the other fluctuating 
rates of strain imposed on the ‘low speed’ side by the fluid entrained from near attachment. 
Because the mixing layer structures change notably at low Reynolds number, so the effect 
of the fluctuating strain will depend upon Reynolds number when Reynolds number is low. 
Furthermore, Hancock (2000) concluded that the observed Reynolds number dependence 
is a result of the mixing layer structure being less susceptible to fluctuating strain than at 
higher Reynolds number.
According to the observation about the streamwise development of maximum u2 and mean 
velocity, where the data are from Ruderich & Fernholz (1986), Castro & Haque (1987), 
Hancock & Castro (1993), Hancock & McCluskey (1997), Hancock (2000) claimed th a t the 
shapes of the profiles are very similar when normalized by the bubble length, including the 
experiment of Ruderich & Fernholz (1986) which is at much larger blockage and the bubble 
height and length are notably less by about 35%. This agreement highlights the established 
view that it is the attachment length rather than the fence height that provides the primary 
scale of the bubble as the fence height is relatively small. However the Reynolds number 
at separation is a significant parameter at this low Reynolds number because it influences 
the early development of the free shear layer.
2.1 .1 .7  Correlation and Tim escales
Castro & Haque (1987) have made correlation measurement within the free shear layer, 
while Kiya & Sasaki (1983) made the measurement at the outer edge of the shear layer. 
Their measurements confirmed the existence of an underlying low frequency component 
superposed on the more usual mixing layer structures ( see Cherry et al. (1984)). Near 
the wall the integral time scales are lower than the peak values but still much higher than
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those appropriate to large eddy structures in shear layer. It seems to be dominated by the 
underlying low frequency ‘flapping’ of the shear layer.
Cherry et al. (1984) made spanwise correlation measurement of streamwise velocity fluc­
tuations at the shear layer edge( at the locus of 2.5% local intensity) behind a blunt plate 
leading edge. The correlation decreases to roughly zero at the streamwise position of 0.9Xa. 
They showed a progressive increase of spanwise scale, and the lateral correlation length 
increases linearly with streamwise distance up to the time-averaged reattachment position, 
beyond which only a much reduced growth remains. In contrast to velocity correlation, 
the spanwise surface-pressure cross correlation, RpP falls to zero, at a transducer spacing 
of about 0.6Xa, then followed by a weak negative lobe with increasing transducer space, 
particular very close to separation where pressure fluctuations are dominated by the low 
frequency flapping motion. This indicates a weak tendency for out-of-phase shear layer 
flapping motions to develop over spanwise distance of about 0.6Xo. Moreover, the RpP 
shows a more rapid fall for small transducer distance with disappearing the negative lobe 
at further downstream, thus the pressure source appears to become progressively more 
three-dimensional.
Kiya & Sasaki (1983) also measured timescales from wall static pressure autocorrelation. 
It seems that at the centre of the shear layer the velocity timescales in the upstream 
part of the flow are dominated by lower frequency components, and this long timescale 
components is most remarkable just after separation, where its frequency differs most from 
that corresponding to the passage of the vortex structures in the shear layer.
2.1.2 Swept Separated and Reattaching Flow
Very few authors have made an investigation of swept separated and reattaching flow.
Those flow geometries and sweep angles which have been studied are listed in the Table 2.1:
If a swept flow is free of wind tunnel wall effects, it will be two dimensional but not 
coplanar. This type of flow is called spanwise invariant flow. The unswept case, where the
streamlines are coplanar, is a special case of spanwise invariance.
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T able 2.1: Previous investigations of swept separation flows
Author geometries sweep angles
Horton (1972) swept flat plat with ad­
verse pressure gradient
26.5°
Selby (1983) swept backward facing 
step
oOOCO1Oo
Wolf (1987) swept plate with different 
leading edge
0° -  45°
McCluskey et al. 
(1991)
swept normal fence with 
splitter plate
0°to 25°
Hancock & Mc­
Cluskey (1997))
swept normal fence with 
splitter plate
0° and 25°
Hardman (1998) swept normal fence with 
splitter plate
0° and 10°
Hardman & 
Hancock (2000)
swept normal fence with 
splitter plate
0° and 10°
2.1.2.1 B u b b le  L en g th  of Sw ept Flow
Selby (1983) and Wolf (1987) studied the “independence principle” of bubble length against 
sweep angle. Selby, using a swept backward facing step with an unswept aspect ratio based 
on step height of 30, found that the reattachment length measured perpendicular to the 
separation line, remained constant up to about 38°. Wolf, using a bluff plate with an aspect 
ratio based on plate thickness and model span in the unswept flow of about 50, found the 
similar rule about the reattachment length. He stated, the length was almost constant in 
the spanwise invariant region at sweep angles of 10°, 15° and 30°, and slightly reduced at 
45°, and he attributed this to a side effect. There is one point that should be mentioned 
here. W ith increasing swept angle, the effect of wind tunnel walls extends further into the 
flow.
McCluskey et al. (1991) not only observed the roughly constant reattachment length with 
sweep angle up to 25°, but also found, the distance to the second separation line increases 
for angle larger than 10 degree. They further stated that the motion in the direction normal 
to the fence is much weaker than lateral direction movement, for limiting streamlines of this
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secondary separation were repeatedly observed to be closely parallel to the fence, rather 
than towards the secondary separation line as expected. This is probably because of a 
residual lateral pressure gradient dp/dz , even in a wide flow, and the very low momentum 
in the secondary separation.
2.1.2.2 The Static Pressure D istribution B eneath a Swept Separation Bubble
Wolf (1987) used the equation below to show the effect of the spanwise flow ( parallel to 
separation line ) on the flow perpendicular to separation line:
C ?,s =  J m Pre\ i  (2 -18)0.op{U rC osa)
where a  is the sweep angle ( which is zero for an unswept leading edge), and Ur is the free 
stream reference velocity. Fig. 2.11 is of CPtS against X / X a, which is the streamwise posi­
tion, plotted based upon the velocity component normal to the leading edge, Urcosa. The 
data from Wolf (1987) collapsed very well up to 30 degree, but there are some differences 
remained. The minimum CPjS became more negative with increasing sweep angle beyond 
15°.
If the data from Wolf (1987) are represented based on the equation of Eq. (2.1), which was 
used for unswept flow, then the effect of sweep angle on static pressure distribution can be 
seen in Fig. 2.12. The maximum streamwise gradient of Cp increases clearly as the sweep 
angle increases. The pressure recovery rate becomes lower, and the reattachment happens 
at a higher pressure with increasing sweep angle.
2.1.2.3 The Static Pressure Fluctuations and Pressure Spectrum  B eneath  a 
Swept Separation Bubble
Wolf (1987) stated that the streamwise distribution of static pressure fluctuations Cp, 
if normalized by the free stream velocity component normal to the separation line was 
identical for the various sweep angles. As with the mean static pressure, the only departure
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happened at the highest sweep angle of 45°, when the sides wall effects could not be ignored. 
Just after separation, the C'p was low and nearly constant. Further downstream, the value 
of Cp gradually rose to a maximum at about 0.85Xa, and it decreased with increasing 
sweep angles.
Wolf (1987) has measured the spectrum of the static pressure fluctuation at different 
streamwise positions for the swept case, which is normalized by the intensity of fluctu­
ations. Comparing to the corresponding spectra for the flow past the unswept plate, the 
low- frequency contribution which is significant in the unswept flow is also shown in all of 
the swept case. W ith the increasing sweep angle, the high frequency contribution is smaller 
relative to the low frequency contribution and the frequency at which it occurred did not 
change with sweep angle. Conversely the low frequency contribution changed with sweep 
angle. The peak of high frequency shifted to lower frequency with increasing streamwise 
distance from separation, much as in the unswept case.
2.1.2.4 Skin-friction M easurem ent Beneath a Swept Separation B ubble
Both of Wolf (1987) and Hardman (1998) have made measurement on skin friction under a 
swept separation bubble. Though Wolf used skin-friction fence and Hardman used pulsed 
wire skin friction probe, they both have very similar conclusions. They stated th a t skin 
friction coefficient as functions of two measured quantities, namely, the direction of the 
skin friction and its magnitude, the value of it at a given streamwise position beneath the 
separation bubble rose gradually with increasing sweep and so did the value at reattachment 
clearly showing the presence of spanwise flow along the reattachment line.
The skin friction component normal to the leading edge C fXl could be calculated based
upon the free stream velocity component normal to the leading edge:
cfx = --^ ---------------------- - 2  (2.19)
1 0.5P(Urc o sa f  V '
Wolf plotted C fx against streamwise location, X /X a and in his case, the data collapsed 
well with the unswept results up to sweep angle of 30°. Profiles from Wolf (1987) are shown
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in Fig. 2.13. The distribution of the streamwise component of the skin friction are all of 
similar shape with that of the unswept flow.
Wolf also found that the streamwise position of the minimum value of rwx was insensitive 
at a sweep angles up to 45°, as did Hancock (1999) at sweep angle of 25°.
It was also shown that the position at which the maximum skin friction occurred did 
vary with sweep angle. At sweep angles less than 30°, the maximum is a bubble length 
distance downstream of the reattachment position, and at higher degree, it took place 
further distance downstream of reattachment. Hardman’s work agreed very well with 
Wolf’s.
2.1.2.5 M ean Velocity, Triangular M odel
Wolf (1987) and Hancock & McCluskey (1995), Hardman (1998) have plotted the velocity 
in polar plot, which was first used by Grunschwitz (1935) for spanwise invariant flow. 
Everyone of them concluded the polar plot U and W  follows a triangle model even in a 
reverse flow region.
Hancock & McCluskey (1997) also presented the same data in terms of the variation of 
flow direction with y. Three regions were identified: an inner region where the flow angle 
is almost constant at the local wall value, a middle region where the flow direction changes 
markedly and an outer region where the direction is again roughly constant. Constant 
flow direction means the flow is locally co-planar. The extents of inner, middle and outer 
regions are roughly y < 0.15yc, 0.15yc < y < yc and y > yc, where yc is defined as the 
height where:u =  0.67An +  umin, and Au = umax — umin. Later Hardman confirmed this 
point in his work.
2.1.2.6 R eynolds Stresses
Hancock & McCluskey (1997) have performed experiments by using unswept fence and 
a 25° swept fence. They used pulsed-wire technique, for allowing the measurement of
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Reynolds stress near the wall and inside the separation bubble. The Reynolds stresses 
were presented by using the x' — z' coordinate system in which x ' is perpendicular to 
separation line and z' is parallel to separation line in their study, and which is plate 
coordinate in present study. Comparisons of maximum values of u2, w2 and uv normalized 
by the velocity perpendicular to the fence, suggesting that the cross-flow has little effect on 
the stress levels, and that the cross flow is rather unimportant over most of the separation.
In Hardman’s study, the Reynolds stresses were presented by using the same coordinates 
system used in Hancock & McCluskey (1997). According to Hardman’s measurement, 
there are no significant difference between the profiles of Reynolds stress normalized by 
velocity perpendicular to separation line in unswept and 10° swept flow within the sepa­
ration bubble. At around x' j X a — 1.0 and 1.25, the near-wall values of u2 in swept flow is 
slightly larger than unswept flow, w2 is higher for swept flow especially after attachment, 
at x' j X a =  1.0 and 1.25. v2 is similar for the two flows in the second half of the separation 
bubble and downstream of reattachment. Hardman attributes the difference in the up­
stream half of the separation to the extra component of vorticity that is fed into the early 
part of the shear layer of the swept flow. Profiles of vu  are very similar over the entire 
vertical extent of the profile at x ')X a — 0.25, 1.00 and 1.25m. However at x ' /X a =  0.5 
and 0.75, the profiles are only similar on the high velocity part of the shear layer, but the 
peak value is much lower in the swept case. In general, the Reynolds stresses may not have 
been completely independent of the sweep angle.
2.2 Flow Well Downstream of Reattachm ent
Very few authors have made the experiments on flow down-stream of reattachment. Horton 
(1972), Bradshaw & Wong (1972), Wolf (1987), Papadopoulos & Otiigen (1995), Castro & 
Epik (1996), Song, DeGraaff & Eaton (2000) and Kalter & Fernholz (2001) are the only 
few authors among them. They all are consistent on one point: there is an extremely slow 
process toward a standard boundary layer. As mentioned in Chapter 1, it takes about 
seven bubble lengths downstream before the profiles approach to the accepted logarithmic
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law of the wall in the direct numerical simulation of laminar separation bubble followed by 
turbulent reattachment, which was performed by Alam & Sandham (2000).
There are two views on recovery of the disturbed boundary layer. Castro & Epik (1998) 
stated: “The inner layer region develops no more quickly than does the outer flow and it is 
the latter which essentially determines the overall rate of development of the whole flow”. 
The other is the classic view first suggested by Bradshaw & Wong (1972) which stated 
that the inner layer recovers first. Recently, Song et al. (2000) supported this view in their 
paper. Additionally, they argued that the outer recovery was retarded by the large eddies 
generated in the separation region.
There are a number of features about the development of a reattachment flow into a 
standard boundary layer, which are treated in turn next.
2.2.1 Mean Skin-friction, Skin Friction Coefficient
Wolf (1987) stated that skin friction rwx in his swept leading edge flow increased with the 
streamwise distance after reattachment at 15° sweep, and the skin friction was still increas­
ing steeply at the most downstream position, but at 30° sweep the skin friction was nearly 
constant after reattachment. While at 45° sweep, the skin friction showed a maximum 
at about 1.5Xa from the reattachment and began to decrease further downstream. The 
changing trend in skin friction for these three sweep angles may have been an effect of the 
aspect ratio. Castro & Epik (1996) found very similar phenomena in their two-dimensional 
flow after reattachment. For the two cases (with and without free stream turbulence) in 
their study, the skin friction coefficient increased until 3.8Xr downstream of separation 
and then decreased gradually. The general relaxation process is similar in both flows if 
presenting skin friction coefficient Cf against momentum thickness Reynolds number.
The spanwise component of Skin friction rwz in Wolf (1987) increased slowly towards 
reattachment, and it also rose with sweep angle at a given streamwise position. It fell for 
15° sweep and 30° sweep downstream of reattachment, and it has a maximum at about 
1.3Xa downstream of reattachment, and then decreased further downstream.
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Wolf (1987) further argued, the skin friction far downstream has features different from 
upstream. The skin friction magnitude is correlated with boundary layer thickness, not 
upstream boundary layer state. Thinner upstream boundary layers lead to thinner recovery 
region boundary layers and thus to higher nondimensional level of skin friction down stream 
of reattachment.
2.2.2 Reynolds Stresses
Castro & Epik (1996) have made a systematic study of the Reynolds stresses development 
after a separated region on a blunt plate (as Fig. 1.1 (e)) with free stream turbulence 
(FST) and without free stream turbulence (NFST). They stated that in the early stages 
of recovery, u2, uv and v2 have maxima far from the wall and fall quickly as the wall is 
approached, but all the stresses subsequently fall slowly below standard boundary layer 
values, as shown in 2.14. Probably they will subsequently rise to the standard values, but it 
appears this may take a long time. This phenomena is not a Reynolds number effect but is 
a result of the surface stress levels being larger than usual. Without stream turbulence, the 
maximum u2 gradually vanished and is not shown until x' = 10.4, where x' is distance from 
reattachment normalized by the boundary layer thickness at reattachment. W ith stream 
turbulence this process is much faster. Moreover, the maximum in v2 and uv is slower 
to disappear than u2 whether with or without stream turbulence present. These general 
feature of the turbulence stress is in line with the measurement of Alving & Fernholz
(1996) for downstream of a reattaching axisymmetric boundary layer. They found th a t v2 
and uv keep the peaks longer than the other two components and concluded this behavior 
is a common feature in other flows developing subsequent to reattachment and is largely 
independent of the nature of the flow upstream of separation (Castro &; Epik 1998). In 
the outer layer scaling, v2 and w2 fall below the standard values rather later than uv and 
u2 do. Furthermore, w2 initially falls significantly more rapidly than others. Castro &; 
Epik attribute this phenomena to the influence of the wall on the mixing-layer-like flow, 
which starts prior to reattachment and prevent normal stresses u2 and v2 rising as much 
as they otherwise would. The re-entrainment process upstream of reattachment enhances
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particularly w2, so it is natural that its removal (by reattachment) leads initially to a more 
rapid fall in this component than in others (Castro & Epik 1998).
Castro & Epik (1998) further point out that the development distance of Reynolds stresses 
is extremely long. In their data, none of the stresses ( with or without stream turbulence) 
have quite fallen to their minima by the final station, which is 20 times of the bubble 
length X a. Then they concluded that a considerably greater downstream distance would 
apparently be required before the stresses (in the NFST case) rise again to their standard 
values or ( in the FST case) fall to values appropriate for a boundary layer beneath stream 
turbulence.
They further argued that, for y/6  < 0.5, in other words, from the wall to the middle of the 
boundary layer, the stresses in the recovering boundary layer are very similar to those of a 
regular boundary layer distorted by free stream turbulence. These phenomena suggested 
that the outer region of the recovering boundary layer acts like free stream turbulence as 
far as the development of the inner regions is concerned.
2.2.3 Higher Order Moments
In the same paper, Castro & Epik (1998) showed measurement of higher-order moments, 
w3, u2v , uv2, v3, u2w , uw2 and ws, and pointed out u2w and w3 should be zero for truly 
two-dimensional flows.
They found the profile shapes of u3 are similar to those on the high-velocity side of a 
regular plane mixing layer, though the levels are substantially higher. Most of the profiles 
show a change of sign near the wall and the values will finally fall to zero again at the wall. 
They do not have the large peaks that exist on the low-velocity side of a plane mixing 
layer because of the reattachment process and the wall influence. This low-velocity side of 
the upstream mixing layer ( bounding the separated region) is effectively ‘cut off’ around 
reattachment (Castro & Epik 1998).
The values of all triple products fall very fast with downstream distance. Although the 
numerical value for the NFST and FST cases have large differences just after attachment,
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the differences are relative small at 20Xa. Initial values in the FST case are significantly 
higher, compared to the standard boundary layer than that in NFST case, so it is natural 
that the fall is initially more rapid. Nonetheless, these initial values are significantly higher 
than those of a plane mixing layer, suggesting that turbulence amplification happens in 
the separated region and around reattachment.
All the triple products have fallen very substantially far downstream of 20Xa, reaching 
maximum similar to those in a standard boundary layer, but the profile shapes are very 
different to those found in standard boundary layer. Castro & Epik (1998) conclude that 
these data confirmed again that a very substantial downstream fetch would be required 
before the boundary layer recovers to standard boundary.
2.2.4 Spectra, Length Scale
Energy spectra of streamwise velocity were measured in the investigation of Castro & Epik 
(1998). Spectral energy density E n(k)  and wave number k , which is equal to 2jrf/U c, 
where Uc is the local convection velocity, has the relation as below:
poo __
/  E n(k)dk  = u2 (2.20)
Jo
Castro & Epik concluded, for NFST (without free stream turbulence) case, tha t the spectra 
have the form expected for a regular boundary layer far downstream. In the inner region 
and at low frequencies, a k~l behavior was observed, which Perry, Lim & Henbest (1987) 
call the ‘overlap region’, where both inner and outer scaling apply. The spectra are much 
more similar to those of a plane mixing layer. There exist a distinct peak around kS = 1 
in the spectrum measured at the outer edge of the flow (y/5 = 1), which is typical for 
mixing layers and is probably a combined effect of high energy large scale motions and 
intermittency. The measurements made with free stream turbulence (FST) present shows 
that FST has little effect on the spectra, emphasizing once more the dominance of decaying 
outer layer structures.
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In the same paper, Castro & Epik (1998) showed profiles of the dissipation length scale, 
which is defined as L e = (uv) 2 /e. e was calculated by fitting the spectra to the standard 
inertial subrange, although this is not a particularly precise way of determining e, Castro &; 
Epik admitted. However, Le is near to its expected value of ky  in the near-wall region far 
downstream, where k «  0.41, suggesting a reasonable balance between turbulent energy 
production and dissipation for an existing log-law region.
They further declared that because their first measurement station is just before the reat­
tachment point, there is only a hint of rather larger length scales, suggested by Bradshaw 
& Wong (1972) for region just downstream of reattachment, although the mixing length is 
much larger than ky. Further away from the wall the larger length scales decrease quickly 
with downstream distance. Beyond 3.8Xa, the profiles actually fall below the standard 
boundary layer profile. They concluded there exist unusually high levels of dissipation 
over large part of the flow far downstream.
2.2.5 Flow Downstream of Swept Separation Bubble
The flow downstream of a swept separation bubble must be a three-dimensional boundary 
layer, and is likely to have all the features of three-dimensional layer. Horton (1972) is 
one of few authors who has studied the flow well downstream of swept separation bubble. 
He measured the mean flow properties of three-dimensional turbulent boundary layers de­
veloping after reattachment behind short separation bubbles yawed at 26.5° to the main 
stream. The pressure gradient parameter ( where ‘s’ is distance along an external
streamline) was smaller than 0.005, implying negligible effect of pressure gradient. The 
flow in the local external streamline direction conformed well with empirical laws for fully 
attached two-dimensional layers with regard to the mean velocity profiles, shape param­
eter relationships and skin friction laws, giving support to the usual assumption that the 
two-dimensional relationships may be applied to the streamwise flow in three-dimensional 
layers.
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There have been many experimental and theoretical works on the three-dimensional tu r­
bulent boundary layer. Prom the reviews of Bradshaw & Pontikos (1987) and Johnston 
& Flack (1996), several basic differences were found between two and three-dimensional 
turbulent boundary layers. One of them is that the friction of shear-stress does not align 
with the direction of the velocity gradient vector. Another important difference is that the 
structure parameter (a ratio of shear-stress magnitude in the plane parallel to the wall to 
twice the turbulent kinetic energy) is smaller for three-dimensional boundary layers than 
for two-dimensional ones. After reviewing several experiments and simulations examining 
the near-wall structure of three-dimensional turbulent boundary layers, Eaton (1995) con­
cluded that it is appropriate to interpret the structure of the three-dimensional turbulent 
boundary layer as a distorted two-dimensional one.
Recently Bruns, Fernolz & Monkewitz (1999) studied the development of turbulent bound­
ary layer on a flat wall downstream of a piece of ‘S’ shaped wind tunnel which changes 
streamwise and spanwise pressure gradients. The main feature of the flow is the two 
opposite changes of core flow direction which causes the reversal of the spanwise velocity 
accompanied by the sign change of the spanwise pressure gradient. They further concluded 
that weak to moderate streamwise pressure gradients has little effect on the turbulent pro­
file while spanwise pressure gradient seem to have much stronger effect on the degree 
of non-equilibrium. However stronger streamwise pressure gradient variations do disturb 
equilibrium significantly as in the strongly decelerated and accelerated two-dimensional 
boundary layers of Dengel & Fernholz (1990) and Fernholz & Warnack (1998), as they 
pointed out in their paper.
2.2.6 Hardman’s Flow
Hardman (1998) and Hardman & Hancock (2000) studied three-dimensional flow behind 
a 10° doubly swept separation line formed by a normal flat plate and a splitter plate. The 
pulsed wire technique was used, including the use of a ‘through-wall probe’ which allowed 
measurement to be made much nearer the wall and inside the separation bubble. The flow 
was divided into two main parts - spanwise-invariant flow and a ‘V ’ region flow. He used
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two axis systems in the measurements, namely ‘fence axis’ and ‘wind tunnel axis’, which is 
same as ‘plate axis’ and ‘wind tunnel axis’( see § 1.2), respectively, in this study. U, W, V  
are velocity in wind tunnel axis, and U', W',  V'  are velocity in fence axis.
For the spanwise-invariant flow, he concluded that streamwise development of static pres­
sure is in line with the conclusion of Wolf (1987). Generally, the lateral velocity W'  does 
not change with the streamwise and vertical position, except very near to the surface of the 
splitter plate where W '  is zero, which is consistent with the work of Hancock & McCluskey
(1997) that the bulk flow is convected sideways at a coarsely uniformed velocity. More­
over, the lateral velocity W  is away from the central plane in the outer part of the flow 
and toward the central plane in the inner part. Hardman attributes the outward motion to 
inviscid phenomenon as the result of increasing on U' because of the blockage imposed by 
the separation bubble. The acceleration around the bubble causes an increase in Uf above 
the free stream level, the increasing of U' leads to a positive contribution to W.
In his polar presentation of velocity, the limiting direction inferred from the wall shear stress 
was shown, confirming the view that very near the surface the flow is locally coplanar. As 
discussed in Hardman & Hancock (2000), this fact seems to be a result of the linear variation 
of Ur and W '  with y near the surface and not some intrinsic relationship between U' and 
W ’. W'5 and 8w* were defined as the position at which the magnitude of W ’ is maximum 
and the vertical position. The consistent definition of 5u> is the point where the velocity 
gradient reaches the relatively constant level of the outer flow, and the external velocity 
Ug is that at this height. A conclusion can be drawn that the no-slip condition reaches 
notably further for the cross flow than it does for flow perpendicular to the separation 
line from the phenomena that 8w> is substantially larger than Sw- In general, Hardman 
& Hancock (2000) concluded, the near wall layer appears to be clearly governed by ‘local’ 
scaling based on Ug, 6u>, Wg and Sw', though with a quantitative difference between the 
two directions. Additionally, the present scaling applies equally upstream and downstream 
of attachment, and also appears to work through attachment.
Regarding the Reynolds stresses, which are normalized by Urcos6, similarity was shown 
between the swept flow ( invariant region) and unswept flow, even close to the splitter
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plate where d W /d y  is same order of magnitude as dU/dy  for the swept flow except for v2. 
The peak value of v2 was up to 50% higher in the swept flow. Hardman attributed this 
phenomena to the extra component of vorticity that is fed into the early part of the shear 
layer of the swept flow considering that the differences are only significant in the upstream 
half of the separation bubble.
For the central region Us, 5u, Ws and 5w are now functions of lateral position. Therefore 
the profiles of U/Us and W/Ws  are functions of y/5u  and y/5w  respectively, each collapsing 
to a single curve for different lateral positions. Cfx and Cfz based on Us, etc, behave similar 
as in the spanwise invariant case against Reynolds number based on Us,Su, Ws and 5w, 
respectively.
The lateral inflows from the either side of centre line results in the separating streamlines 
remaining above the surface, allowing a mass outflow equal to the side inflows. This action 
‘swells’ the central region causing a higher and longer separation bubble compared to the 
spanwise invariant region. The swelling effect of the two side flows seems have more effect 
on the downstream part of the separation bubble, as the bubble on the center line is 70% 
higher than the invariant region compared to the 40% increase at the bubble center. The 
lateral velocity W  is away from the central line in the outer part of the flow, which is an 
inviscid effect as mentioned for spanwise invariant flow. This region of diverging flow is 
confined to a narrow region ( \z\ < 0.15X^o)- Because of the diverging flow, the turbulent 
mixing in this region increases, accordingly the average growth rate over the length of the 
bubble is higher near the centre line than at other lateral stations.
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C h a p t e r  3
B asic Governing Equations
The main purpose for this chapter is to have a better understanding about the theory of 
turbulence.
From the classical point of view, turbulent fluid motion is an irregular condition of flow in 
which the various quantities ( velocity, pressure, concentration, temperature, etc. ) show a 
random variation with time and space coordinates, but in such a way that statistically dis­
tinct averages can be discerned (Hinze 1959). It can also be defined as an eddying motion 
with a wide spectrum of eddy sizes and a corresponding spectrum of fluctuation frequencies. 
The motion is always rotational. The forms of the largest eddies (low-frequency fluctua­
tions) are usually determined by the boundary conditions, while the forms of the smallest 
eddies (highest-frequency fluctuations) are determined by viscous forces (Rodi 1980).
Unsteady, three-dimensional and some degree of compressibility are features of ordinary 
fluid flow. Several simplifying assumptions are usually made in order to study the main 
features of the flow, such as imposing two dimensionality, or supposing it is incompressible. 
The flow in this study is closely incompressible.
3.1 Conservation of Mass
The increase in the mass within the control volume is equal to the mass inflow minus the 
mass outflow through the control surface. This is conservation of mass. After simplifying 
to constant density the conservation of mass in tensor notation is (M. B. Abbott 1989):
dui
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3.2 M omentum Equation
A total stress tensor can be written as below For Newtonian fluids(M. B. Abbott 1989):
(J ij — P ^ i j  T 2 f l S i j  (3.2)
W ith p5ij representing the instantaneous pressure, fi the viscosity, and %  the rate of
strain tensor, 5^ the Kronecker delta. Performing the Reynolds decomposition for velocity,
pressure and total stress, with
Sij — Sij -f" Sij (3.3)
and
(J ij — E ii j “I- (J ij (3.4)
Leads to
dUi 8 U i _  i  d  ____
dt  + j dxj ~ p d x j <' y ^  UiUi) ( )
The equation 3.5 is the Reynolds equation of motion. The term in parentheses is total 
mean stress tensor for turbulent flow. The contribution of turbulent motion to the mean 
stress tensor is called the Reynolds stress. Then:
Tij = -pUiUj (3.6)
If substitute the Sy with s j^ = \(^r.  +  §^ ) in equation 3.5 and after some simplifying, 
equation 3.5 transferred to:
dt J dxj p dxi V dxj  ^ dxj
3.3 Mean Flow Kinetic Energy
By multiply equation 3.5 with Ui, for steady flow, and simplifying, we get(M. B. Abbott
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We know that in an incompressible flow the contribution of pressure to deformation work 
is zero, so we omit to list P8ijSij in below.
1 . Uj£:(lUiUi)  is advection of mean kinetic energy.
2 . £ : ( - j U i )  is pressure or flow work
3. - ^ f a U i S i j )  is transport by viscous mean stresses.
4. ^(u iUjUi)  is transport of Reynolds stresses by mean flow
5. 2 u S i j is viscous dissipation by mean flow
6 . uiUjSij is turbulent energy production ( and a loss of mean kinetic energy).
Term (1) is the transport mean flow kinetic energy per unit mass,(-^-), by advection, while 
(2) is the flow work term. In a turbulent flow, terms (4) and (6 ) are the order of magnitude 
of the Reynolds number and then are generally much larger than Terms (3) and (5), so 
these two are usually neglected. Then the basic mean flow kinetic energy balance equation 
becomes(M. B. Abbott 1989):
UiwAUiU,)= ~ ik{wqVi)+mSij { 3 - 9 )
3.4 Turbulence Equations
3.4.1 Kinetic Energy Budget for Turbulence
In the same fashion, if multiply equation 3.5 by Ui and do further simplification, we get:
Q 1 ___  Q 1 _____  Q ____ Q 1 ____  ___
^ ’dx~^2,UiUi  ^ = ^x~-^~2^U^  ~  'dx~-^LL^ 2UiUi  ^~  ~  UiUjSij (3.10)
Which is very similar with equation 3.8, and the terms in equation 3.10 has the similar 
meanings with the terms in equation 3.8, only the last term ‘turbulent energy production’ 
UiUjSij has negative sign in equation 3.10. and we define
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where \uiUi = \  (u2 +  +  ufj
Substitute Sij with its expression in equation 3.10, after some simplification, we got:
rr dk   dUi d  (1 2 dk p  dui du{ ( ^
Uiw , =  ~ UiU^  ~  d ^ A u*U j 7 i] ~  v t e s t e s ( 3 ' 1 2 )
similarly, equation 3.11 can be expressed as below:
k = ^r(u2 + v2 + w2) (3.13)
and,
uk = +  uv2 +  uw2) (3.14)Z
vk  =  \ ( u 2v +  v3 +  vw2) 
z
1wk — ~{u2w +  v2w +  w3)
Z
3.4.2 Reynolds Stress Transport Equation
Reynolds stress transport equation are deduced from equation 3.5 by multiply by Uj and 
averaging. The transport equation for UiUj for steady flow without body force, is shown 
in below as well as the meanings of each term.
r r  dU iU j  
k o
OXk
dUj
I UiUfc -}- UjlLfc
dxk
+ p-
p
dui duj 
+ ddxj dxi d x k (UiUjUk) (3.15)
+  V \  Ui
d2uj
dxl +  u
d2Uj
3 dx l
The meaning of each term is:
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1 . Uk^ ^ -  is transport by the mean flow.
y  represents generation or destruction, or redistribution between com­
ponents by means of pressure fluctuations.
3. — +  uj uk ^ )  represents the effect of mean strain. Reynolds stress is gen­
erated by interaction of the existing Reynolds stresses with the mean rates of strain. 
Because of this, the energy transfers from the mean flow to the turbulence.
4. — dUiQ ^ k represents transport by velocity fluctuations.
5. — ^  represents transport by pressure fluctuations.
6 . v ( ui~Q r^ +  ) represents transport by viscous stress fluctuations
C h a p t e r  4
Experim ental Apparatus and 
Techniques
4.1 W ind Tunnel and Flow Rig
4.1.1 Wind Tunnel
The wind tunnel used for most of the experimental work was the blower tunnel(D) in the 
School of Engineering of University of Surrey. It has a working section of 600mm wide, 
300mm high and 2000mm long. The turbulence in the free steam was less than 0.2% at 
all free stream speeds at which the experiment was carried out. The cross section velocity 
uniformity is better than ± 1%.
In the late stage of this study, the installation of automatic speed control made it possible 
to calibrate probes automatically, and to make multiple traverses by creating a set up file 
written by Macro code.
4.1.2 Traverse
It was very important to design a traverse system that could move probe at a desired posi­
tion with adequate precision. Before this investigation, there was only a very simply probe 
traverse system for wind tunnel D which was quite inadequate for the present purpose. A
51
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new traverse system was designed by Mr D.G. Bailey, Mr M. Harper, Dr PE Hancock, Mr 
T. Lawton and author installed in tunnel D at the early stage of this study.
Three minitec motorized unislides were used to achieve movement in three directions. As 
there was no need to have automatic control over the full length of the working section, 
a sub-frame was mounted on the main frame. The position of sub-frame relative to main 
frame can be changed manually. The sub-frame can provide automatic traversing of up 
to 800mm in the streamwise, 600mm in lateral direction and up to 150mm in the vertical 
direction, to a position resolution of 0.001mm in each direction. Probe rotation about the 
vertical axis is controlled manually as the rotation movement is not very often required.
4.1.3 Flow Rig
It was decided that the separated flow shall be generated by a bluff thick plate rather 
than the normal flat plate and splitter plate used by Hardman (1998). This choice was 
made primarily because of the easier manufacture of the models required. However, from 
Wolf (1987), the quality of the sharp edge has to be high. He found tha t even slight 
imperfections or damage had a large effect on the bubble immediately downstream. In the 
early stage of the experiment, a plate with different leading edges was used. As shown in 
Fig. 4.1, there are two singly swept, two doubly swept leading edges swept at 10° and 25° 
and a rounded leading edge whose section is shown in Fig. 4.2. Note, the unit for distance 
in this thesis is mm, it will be specified otherwise. These were mounted in the front of a 
plate of 600 x 1200mm and of the same material and thickness. The thickness of the plate 
was 8.1mm and the Reynolds number based on it and the free stream velocity (which was 
16m/s normally) was about 8200. This thickness was selected so as to give adequate flow 
width in terms of bubble length.
Compared to the flow past a backward facing step, a blunt plate has two advantages. They 
are hardly affected by the state of the separating boundary layer. Moreover, the separated 
shear layer creates a rather higher and longer reverse-flow region after leaving the body 
surface normal to the free stream, thus reduces the relative size of the probe.
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4.2 M easurement Techniques
4.2.1 Twin-tube for Determining the Attachment Position
For two-dimensional flow, the reattachment point is defined as the location of zero average 
local skin friction. Reattachment takes place in a zone which includes the reattachment 
point. Immediately near the reattachment zone, the time-averaged streamwise velocity is 
small, but the instantaneous velocity is large due to the turbulent fluctuations. A twin 
tube probe was used to locate the reattachment point. The probe, which was first proposed 
by Castro and Fackrell, is made of two tubes with equal lengths, soldered together, with a 
small hole in each tube on opposite sides of axis of symmetry. The reattachment point is 
the point where the pressure difference is zero.
The variation of pressure measured from the twin tube is approximately linear in the region 
of 0.85Xa < x  < 1.15Xa, so measurement can make randomly around the reattachment 
point, then obtain the reattachment position by interpolation. This method is quicker and 
more accurate than determining the reattachment length by moving the twin-tube probe 
to locate the place where the pressures difference is zero.
4.2.2 Flow Visualization
Paint flow visualization technique was employed to visualize the surface streamline of swept 
and unswept separated flow, and to help align the plate in the wind tunnel. Paraffin and 
water color powder paint were mixed in a ratio of 7:1 (by mass) to give the clearest result 
after comparing different compositions of mixture. The mixture was sprayed evenly on the 
tracing paper that was stuck tightly to the surface. The wind tunnel was then left to run 
for about ten minutes at the speed of 16m/s, giving the mixture enough time to evaporate 
paraffin and let the paint to dry. To save the need for photographic recording the results, 
special fixing liquid was sprayed on the painted tracing paper to fix the paint once it was 
dry.
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Ink dot visualization technique was also employed to elucidate the surface streamline char­
acteristics. This method was described by Langstone & Boyle (1982). A grid of ink dots is 
marked on a tracing paper. The paper was held on the plate surface by using spray glue. 
The marked area is continuously covered by a thin liquid film which is sprayed with oil of 
wintergreen before running the wind tunnel. The dots of ink dissolved and are then acted 
upon wall shear forces and flows in response to them. After several minutes (usually five 
in this case), the paper could be moved off the plate.
4.2.3 Hot Wire Calibration
The Hot wire probes were calibrated before and after measurement at the same position 
in the free stream, so the amount of calibration drift could be obtained by comparing the 
two calibrations. The drift should be less than 1% usually. To ensure the quality of the 
measurement, the first measurement point was repeated at the end of every run. If the 
two points agreed within 1%, the measurements were regarded as successful. Otherwise, 
the measurements were repeated by using a new calibration. The Kings law equation was 
used to describe the calibration
E 2 = A  + B U n (4.1)
where E is the output voltage from the anemometer, U is the velocity and A, B and n are 
calibration constants. Note, the velocity unit in this these is m/s .  These constants are 
optimized to give a best fit with the calibration data. Usually n was taken as 0.45, but 
some times lower values of n gives a better fit. A typical figure of single hot wire probe 
Dantec type P l l  is shown in Fig. 4.3. Velocity was measured using a P itot static tube, and 
the calibration data recorded and fitted by using Labwiew software. The instrumentation 
was connected to the computer via a Lab-NB card.
All the velocity calibrations of the hot wire probe were undertaken against a P itot probe. 
Initially, this probe was fixed on the floor of the wind tunnel while the hot wire was 
calibrated in the free stream above the boundary layer, but velocity measurement carried 
out in free stream along the streamwise found that the free stream velocity were quite 
different along x  axis, which is shown in Fig. 4.4, If the hot wire was calibrated in different
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x  station, the measurement of the velocity was different. The serial labels in the graph are 
streamwise calibration positions for hot wire. There exists a fixed ratio between the floor 
static-pitot reading and free stream velocity above the plate. The early measurement were 
corrected for the error in calibration velocity.
4.2.4 Cross Wire Calibration
Dantec type P51 probes were used in some of the cross-wire measurement, and a schematic 
cross wire head with effective angles is presented in Fig. 4.5. Two methods are normally 
used to calibrate this type of probe. One explicitly allows for tangential cooling, and the 
other uses an effective wire angle. The latter method is used here. It includes two parts: 
a velocity calibration and an angle calibration. The velocity calibration is identical to 
that for single hot wire. The method of measuring the wire angle was given by Bradshaw 
(1971). By writing the velocity measured for each wire as U = U0cos'ipef f ,  it is straight 
forward to show that the effective angle, ^ e/ / ,  can be obtained from the relationship
s E 2- A \ ±
— ^  cos# =  — tan {ipeff) sin# (4.2)
where # is a perturbation angle trough which the probe is rotated. As here, usually several 
angles are used and tan (^e//)  obtained by a linear least squares fit. A typical velocity 
calibration and a typical figure of angle calibration is shown in Fig. 4.6 and Fig. 4.7, 
respectively. Fig. 4.7 also implies that the effective angle stays constant over a range of 
± 20°.
4.2.5 Measurement Errors Associated with Hot Wire Probes
Gough (1996) has given a thoroughly review on the errors in his study. There are three 
main reasons for the errors in hot wire measurement, if the anemometer electronic control 
is assumed to be ideal.
1. The geometrical configuration of probe - ie, the length of the wire /, the ratio of the
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length to diameter l /d  and the space between the two wires ( for cross wire only).
2. Rectification
3. The effect of tangential and binomial velocity components
Velocity fluctuations are spatially averaged along the length of the wire, so that it can not 
resolve eddy scales smaller than its active length. The ratio of wire length to diameter l /d  
determines the conduction of heat from the hot wire to the support prongs, and low values 
causes overestimation of the velocity and affecting the frequency response. The space 
between two wires in cross wire is a compromise. The instantaneous velocity measured by 
the two wire would be different in regions of high shear, while if the space is too small, 
the wake of one wire would impinge on the other thus causes an underestimation of the 
velocity measured by the downstream wire.
Derksen & Azad (1983), Johansson & Alfredsson (1983), Fingerson & Freymuth (1983), 
Ligrani & Bradshaw (1987) studied the effect of the length of the wire and the ratio of the 
length to the diameter. As mentioned above, systematic errors are caused by the averaging 
of the fine scale structure over the length of the wire. For spectral measurement, longer 
wires showed less energy content of the signal, hot wire length l+ ( non normalized by 
v /u T) has strong effect on measured value of u2. Since a hot wire measures the average 
heat transfer rate over its length, it will attenuate the measured u2 peak if it is much longer 
than the smallest eddy size.
Browne, Antonia & Shah (1988) concluded in their cross wire measurement tha t as the 
wire spacing was increased, the ^-intensity was underestimated, and they further stated 
that l /d  should be greater than 140. I should be less than 5 Kolmogorov length scales, and 
the wire spacing should not exceed 3 Kolmogorov length scales. Klewicki &; Falco (1990) 
also summarized assuming l /d  is large enough so that finite wire spacing would spatially 
filter derivative signals at a wavelength approximately equal to the wire spacing. They 
further concluded that the Reynolds number dependence of the turbulence can be masked 
by attenuation if wire length is larger than l+ = 8 , which is in contrast with the conclusion 
of Ligrani & Bradshaw (1987) that l+ should be less than 20. Furthermore, the conclusion
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of Klewicki & Falco (1990) is in contrary to the that of Johansson & Alfredsson (1983) 
that Reynolds number effects are not negligible.
Browne, Antonia & Chua (1989) stated, after comparing the techniques of a full yaw cali­
bration and the effective angle approach, that the later is accurate even in high turbulence 
intensity. Only where accurate instantaneous velocity vectors are needed is the full velocity 
calibration necessary.
Tagawa, Tsuji & Nagano (1992) using LES/DNS results evaluated the effect of separation 
in a cross wire probe and found that the wire separation had little effect on measurement 
error associated with U and —uv, but that u2 is underestimated and that v2 is much more 
susceptible to the instantaneous velocity gradients between the two wires, and Park & 
Wallace (1993) also made similar statement. By comparison the wire length effects are 
negligible, which also stated by Suzuki & Kasagi (1992).
Eisner, Domagala & Eisner (1993) studied the effects of hot wire length on the measure­
ment of the streamwise energy spectrum and the turbulent energy dissipation by means 
of single wire. W ith the assumption that the directional sensitivity of a wire is uniform 
the dissipation calculated from the spectra is in good agreement with that calculated from 
the time derivative of the voltage signals. This is in contrast to the conclusion of Derksen 
& Azad (1983) that the spectral dissipation results are 30% higher. Eisner & Domagala 
(1993) extended their study and claimed that an increase in l+ gave underestimated values 
of u2. Based as the discussion above, a compressed mini cross wire was used in most of 
the measurement in this study.
Rectification and the effect of tangential and binomial velocity components would be ad­
dressed in § 4.2.8.
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4.2.6 Temperature Correction for Hot Wire
The temperature correction method of Bearman (1969) was adopted in the labview soft­
ware:
Jyr - Tcalib Tmean
H t e m p  ~  1 --------------- E f i T ------------------ '
ZU1 calib
where Tcaub is the temperature at which the hot wire was calibrated and Tmean is the mean 
temperature at which the velocity is measured, and 9 is the overheat ratio. Temperature 
corrections were applied to the anemometer voltage before calculating the velocity as below 
if the two temperatures are different:
j j  _  ^ {KtempE)2 -  A  j  n ^  ^
Two calibration curves measured at different temperatures are shown in Fig. 4.3, to illus­
trate the effect of temperature difference on the calibration and the effect of the correction 
method above. The correction to the first calibration(before measurement) is shown with 
±1% error bar. The difference between this corrected curve and the calibration curve after 
measurement is less than 1.2% of the velocity measured. This difference is of course the 
true drift in the calibration. One thing should be noted here. During a run, the tempera­
ture would not change more than 1 °C  usually in the lab, while in Fig. 4.3 the difference was 
2.5°C. A difference in velocity measurement of less than 1 .2 % was regarded as acceptable 
in preliminary measurement.
4.2.7 Angle Correction of Cross Wire
It was normally found necessary to make a small correction for the effective angles when 
use cross wires in u — v plane because the angle calibration was made m u  — w plane and 
because the probe holder was tilted sightly relative to the plate. Two methods were used 
to find that angle, A'lp. One was measuring the angle of the probe holder. The other was 
by using the differences in the values of E \ and E^ measured for velocity calibrations in the 
u — v and u — w plane. This method uses the fact that differences in output voltages are 
very nearly independent of mean velocity and mean temperature, but sensitive to pitch in
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the u — v plane or yaw m u  — w plane. Fig. 4.8 shows an example. The Atp obtained by 
first method was 0.68°, and 0.71° from the second method.
From Hancock (1980), the correction on measured turbulence quantities could be expressed
as:
and
where
and
u2" =  v?' + C jV ' +  (4.5)
,2" =  c V '
uv" =  C iuv' + CiC^V2'
q  _  tan $ 2  tan — tan ip" tan  ^  
1 tan  ^ >2 +  tan 'ip"
tan ipi +  tan  ^
C2 =
tan  ^ 2  +  ^an ^ 1
Uncorrected and corrected quantities are denoted by single and double primes respectively. 
In the example in Fig. 4.8, a 0.71° error in effective angle give an error in u/U of —0.026u2.
4.2.8 Cross Wire in High Turbulence Intensity
There are three main sources of errors for cross wire probe in high-intensity flows. These 
are errors from ignoring the axial sensitivity, the effect of the W  component of velocity and 
the effective rectification. An analysis of the errors is given by Tutu & Chevray (1975). In 
this paper they suggested a response law of the form:
U e f f  = (U L mai + k2U2axial) i  (4.6)
where Uef f  is the instantaneous effective cooling velocity, Unormai and Uaxiai are the velocity 
normal and parallel to the hot wire, respectively, and k is the axial sensitivity of the hot
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wire. Rectification happens when the component of velocity normal to the hot wire crosses 
zero. This will obviously occur when flow reverses and is highly likely to occur for wires 
which are inclined to the flow. Tutu & Chevray (1975) concluded that the sensitivity to the 
W  component of velocity and rectification severely distort the joint p.d.f surface, which is 
confined within a certain sector, thus care is needed in interpreting the p.d.f data measured 
in high intensity turbulent flow. The correction methods of Tutu & Chevray were used in 
the high intensity regions in this study.
It could be imagined that all velocity vectors approaching the probe are contained in an 
elliptical cone where the cone angle increases with turbulence intensity. If 9 is defined as 
the inferred cone angle of the velocity vectors measured in the plane of the cross wire, 7  
as the instantaneous velocity vector angle and (3 as the included angle of the cross wire, as 
shown in Fig. 4.9, it is apparent that 7  should be smaller than (3. Perry et al. (1987) found 
that a probe with (3 = 90° measured a maximum cone angle 9 of 73°, whereas a probe 
with f3 = 120° measured a cone angle 9 of 101°. Additionally, Perry et al. (1987) claimed 
that by perturbing the wires with a known Reynolds shear stress that the Reynolds shear 
stress measured by the (3 =  90° wires departed from the true value at a 9 of 20°, while at 
P =  1 2 0° it deviated at 55°.
P.d.f of 7  for p  = 120°, 90° at the same coordinate position ( x = 100mm, y = 3mm, and 
z = 0mm, singly swept case, u — w plane) is shown in Fig. 4.10. The measured angle range 
for the 120° probe is much larger than that of 90°. Furthermore the range is out of the cone 
angle 9 for 90°. Thus 90° probe should not be used at such a position. Perry et al. (1987) 
also stated that from the analysis the cross contamination from the W  component to —uv 
is small if W  is not correlated to U and V,  but the turbulent intensity measurement, eg, v2 
and w2 might be influenced by this cross contamination. Overall a 120° cross wire probe 
was used in some positions with high turbulence intensity for a better measurement of high 
order turbulence components.
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4.2.9 Tripping Devices
A fully developed turbulent boundary layer was required for pulsed wire skin friction probe 
calibration. A ‘Tripping device’(or ‘trip ’) is the usual way to generate turbulent boundary 
layer. A zero pressure gradient laminar boundary layer would undergo natural transition 
when the Reynolds number, based on streamwise distance exceeded the value of 3.5 x 105 
(Schlichting 1979). 350 m m  downstream of the rounded leading edge is the approximate 
position where natural transition would occur in this study. Also, since transition varies in 
the spanwise direction, the virtual origin of a turbulent boundary layer formed by natural 
transition is difficult to determine.
In tripping a boundary layer it is important that it develops in a manner identical to 
that which would have been formed by natural transition. Coles (1962) stated that since 
the turbulent boundary layer downstream of the device recovers slowly from the effects of 
certain types of disturbances, it is necessary to be very careful about the behavior of the 
tripping device. Accordingly, the size and type of the tripping device are very important 
in deciding when the boundary layer will be free of residual trip effects.
Four criteria were used in choosing a wire-type trip (Gibbings, Goksel & Hall 1986) in this 
study:
1 . easy and precise to be fixed on the surface.
2 . reproducible and controlled size.
3. transition can be induced upstream of the point where natural transition would take 
place.
4. the forward movement of the transition is gradual and controllable with increase in 
unit Reynolds number of the flow.
However Gibbings et al. (1986) stated that the distortion of the outer layer persists for a 
longer distance than the distortion of the inner layer. Klebanoff & Diehl (1950) reported 
that the recovery of the boundary layer to a standard turbulent boundary layer took 450
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trip diameters, whereas Subramanian & Antonia (1981) stated 300 trip diameters were 
required for the boundary layer recovering to fully developed layer, and Graham (1969) 
claimed 1 0 0  diameters was enough for the development of a standard boundary layer.
Gough (1996) concluded that three normalized numbers affect the developments of bound­
ary layer after the trip device, X^~Xd^ , Xd/d,  where X  is the distance from the leading 
edge, Xd is the distance of trip device to the leading edge, and d is the diameter of the 
wire. Naturally X^~Xd  ^ is the settling distance for the distorted boundary layer to recover 
to a standard boundary layer. Xd/d  seems a reasonable hypothesis as a result of the inter­
action between the upstream boundary layer with trip depending on their relatives sizes. 
In accordance to it, in the first instance, the size of the wire was chosen as d = 0.9m m  
giving a Reynolds number, based on the trip height, of about 230 to 1140 for velocity 
range 4m / s  to 20m/s. The wire was glued at 70mm downstream of the leading edge. The 
position chosen was a compromise, leaving 360 trip diameters for the distorted boundary 
layer to fully recover before it reached calibration position used for the pulsed wire shear 
stress probe against a Preston tube. A further upstream position would have resulted an 
ineffective tripping, while, further downstream would reduce the recovering distance for 
the distorted boundary layer.
The experiment showed the trip diameter d = 0.9mm was not adequate to make the 
transition happen for the whole speed range at the calibration position as can be seen 
in Fig. 4.11(a). The scatter of skin friction at velocity 8m /s  indicated tha t transition 
happened there. Below this speed the boundary layer was still laminar, showing the phe­
nomena that below 8m /s  the skin friction for different diameter Preston collapsed, and 
above 8 m / s  the values collapsed too. A diameter d = 1.8mm was chosen for the trip  
wire, giving the Reynolds number of about 450 to 2280. The wire was still glued at 70mm 
downstream of the leading edge, leaving 180 trip diameters to settle to a properly turbulent 
boundary layer at pulsed wire calibration position. As shown in Fig. 4.11(b), the skin fric­
tion measurements concur over the whole speed range for three different diameter Preston 
tubes. Notice should be taken here. Since the Preston tube requires only the existence of 
logarithmic law behavior it is not required that the outer layer has developed fully to tha t 
of a standard ‘canonical’ boundary layer, so 180 trip diameters settling distance works well
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in this study.
4.2.10 Pulsed-wire Shear Stress Probe Calibration
The pulsed wire shear stress probe was calibrated before and after measurement at a fixed 
position in the wind tunnel against a Preston tube, using the calibration of Patel (1965). 
The probe was made of one 9 \im pulsed wire which was 3.3 m m  long, and mounted 1 
m m  either side of it were two 2.5 fim sensor wires, each 2.3m m  long. These wires were 
supported at a height of nominally 0.5 \im from the surface. The probe was calibrated 
by using “tripping device” as discussed in § 4.2.9. The Preston tube, which is 1.25 m m  
diameter, was mounted about 10  m m  to the side of the pulsed wire skin-friction probe 
with the end of the Preston tube was placed just below a surface static pressure tapping. 
Hopefully it was not so close to static measurement tapping that would affect the static 
pressure measurement. A third order polynomial was used for the calibration:
U = A  + B ( ^ )  + C { ^ f  + D { ~ f  (4.7)
where coefficient A, B , C , D  were obtained by using a least square fitting and the formally 
correct averages of 1 /T  were used. Some workers omitted A. However it is necessary 
to have A  for a better fitting polynomial, though usually A  is very near zero. A typical 
calibration is show in Fig. 4.12.
The yaw response of pulsed-wire shear stress probes (and to a larger extent the velocity 
probe) is very closely cosine. A typical yaw calibration is shown in Fig. 4.13.
4.2.11 Shear Stress and Fluctuation Deduction
By changing the probe axis angle to the flow direction, shear stress in the x  and z  directions 
could be obtained. If a* is the angle of the probe axis to the flow direction, then the 
instantaneous shear stress measured by the pulsed wire probe is:
rai =  tx cos ai +  rz sin on (4.8)
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The time averaged shear stress is:
Ton =  r x cos a:* +  r z sin a* (4.9)
and the fluctuation could be obtained by subtraction:
rai ~  r ai = (tx -  Tx) cos a* +  (rz -  r z) sin a< (4.10)
i.e.
r a i  =  T 'x C 0 S  a i +  T 'z a i (4.11)
hence
T S i  ~  T x  cos2 a i  +  ■t 'z c o s  ai sin on +  r ' 2 sin2 on (4.12)
and t ' t ' were calculated by least squares fits to Eq. (4.8) and Eq. (4.12). 
At least three are required since there are three unknown in Eq. (4.12). However, five 
measurement at different angles were taken to reduce uncertainties. All the five angles 
were chosen with care to be inside the yaw response of the pulsed wire probe.
4.2.12 Variation of Skin Friction with Hot-wire Probe Position
The only configuration change between the pulsed wire skin friction measurements and 
the hot wire measurements was the physical presence of the hot wire probe. A detailed 
investigation into the effect of the presence of the probe held at various orientations was 
carried out and indicated changes in skin friction. Further measurements were performed 
to quantify the change in skin friction with probe movement in the x, y and z  directions 
in cases of rounded leading edge and doubly swept leading edge.
As shown in Fig. 4.14 with the rounded leading edge, skin friction decreased by about 
3% as the probe was moved alone x, y and z  directions, respectively. The decrease in 3% 
is caused by the presence of the probe no m atter what direction the probe was moved. 
The decrease of skin friction with the probe present is slightly larger in doubly swept case 
than the rounded leading edge case, as shown in Fig. 4.15(b). This might account for 
the changing of the bubble length X a with the hot wire probe at low y, as discovered by 
Hardman (1998) as well. Nonetheless, the decreases of the skin friction is acceptable in all 
cases.
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4.2.13 Skin Friction Determination by Clauser-chart
The Clauser-chart is a frequently used method to determine skin friction. It obtains a 
measurement of the slope of the velocity profiles in the log-law region of the flow and then 
deduces the surface shear. The method depends on the prior knowledge of the constants 
in log-law. The pair K  = 0.41 and C  =  5.2 were used in this study.
U 1 . fyUT\
(tl»
By writing the equation above as
U Ue 1 7 f yU e\  1 ,  fU T\  _
K W r =  K l n ( — )  +  K l n K u J + C  (4 1 4 )
And jf- as:
it follows that
Ur
Ue
(4.15)
so U/Ue can be expressed as a series of lines, corresponding to different values of the skin 
friction, from which skin coefficient C f  and hence the friction velocity can be derived. 
Although this method was originally developed for two-dimensional turbulent flows with 
zero or small pressure gradients, it was successfully applied in three-dimensional flows with 
small or moderate pressure gradients. Gibbings (1996) discusses this method in detail 
where he used regression curve fitting which enables a better fitting of the experiment data 
and has higher accuracy for deduced shear stress. A Macro in Excel, developed by the 
author and written by VBScript, were used to fit the curve in this study.
4.2.14 Sampling Rate and Time
It is a good rule to choose the sampling rate f c to be 1.5 or 2 times greater than the 
maximum anticipated frequency (Bendat & Piersol 1971).
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As the sampling number grows large, the averages converge to a true mean value. This 
means random variables should be uncorrelated and statistically independent. For exten­
sive averages the time between successive samples should be larger enough for them to be 
uncorrelated. In approximate terms this time scale is:
^
where 5 is boundary layer thickness and XJe is free stream velocity. A time of 27\ between 
two consecutive sampling points is usually enough to result an uncorrelated statistics. So 
the number of the independent samples Ni
sample time
N l  =  27) (418)
By assuming Gaussian distribution of the velocity fluctuation, the number of independent 
samples required and the approximate errors can be determined. Taking 95% confidence, 
Ni  can be expressed as Gough (1996):
i r    12
1.96 +  y/2(N! -  1 ) -  1 x ( 1  -  2e) (4.19)
where e is the inherent error in the standard deviation, it is 3.57% for 95% confidence. The 
error in the mean can be determined by
A =  - £ =  (4.20)
Where a  is the standard deviation. This can then be used to infer the sample time required. 
Here, the sample time was confirmed by calculating terms invariants parts of the flow.
4.2.15 Sampling Rate and Filter frequency for Spectrum Mea­
surement
It is very important to have suitable filter frequency and sampling rate to obtain good 
measurement of spectrum. In order to investigate the effect of these two, various filter
CHAPTER 4. EXPERIMENTAL APPARATUS AND TECHNIQUES 67
frequency and different sampling rate were used at a fixed position in the flow, as shown 
in Fig. 4.16. The sampling rate should be at least twice of the filter frequency (Bendat & 
Piersol 1971), as mentioned in § 4.2.14. The effect of filter frequency and sampling rate are 
rather obvious.
As shown in Fig. 4.16, the effects of frequency and sampling rate show at frequency higher 
than lKHz. Profiles stop at the sampling frequency if there is no filter, otherwise it would 
drop down sharply at the filter frequency. The high frequency end of the profiles without 
filters are higher than the real value due to the feed back of the higher frequency energy. 
The profile shape is rather similar for the cases with and without filter at highest sam­
pling rate, or 20KHz, and there are a peak at frequency higher than 20KHz due to noise 
or higher frequency energy feed back. The profile with filter sampling at the double fre­
quency collapse with each other perfectly except stopping at different frequency ( sampling 
frequency), indicating that they are appropriate couples for measuring spectrum. In order 
to get the measurement at high frequency higher frequency filter should be chosen. The 
pair, filter at lOKHz and sampling rate at 20KH, was used for all spectrum measurement 
in this work.
4.2.16 Dissipation Rate Calculation
Two methods were used to calculate the dissipation of turbulence energy k. The first was a 
balance of the turbulent kinetic energy equation. Compared to triple velocity diffusion, the 
pressure diffusion terms might not be as small as assumed, and these terms are therefore 
included in the difference calculation. Moreover, the errors of the three terms-advection, 
production and diffusion which were calculated directly from time averaged data, were 
summed together making it possible to have rather large error in the computation of 
dissipation.
The other method is to find the dissipation rate from energy spectra. By assuming the 
turbulence to be isotropic(Hinze 1975):
r o o  p o o
e = 2v k E(k)dk  =  15u /  k ^ M k O n d h  (4.21)
Jo Jo
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where k is wave number.
E(k)  and $(&:i)ii depend only on the rate of dissipation and kinematic viscosity. Thus the 
turbulent flow could be taken as in steady state if de/dt is small. It follows that:
E{k) = 63k~3F(k/ks) (4.22)
where
0.25
If the assumption for inducing Eq. (4.22) holds for a range of wave numbers ( the inertial 
subrange) where the viscosity effect is negligible, then E(k)  should be independent to ks 
thus F ( k / k s) is a constant, normally denoted as K.  Grant, Stewart & Moilliet (1962) 
presented a value of K  as 1.436 =t 0.02 for dissipation rates between 0.0015 x 10_4m 2/ s 3 
and 1 .0 2  x 1 0 _4m 2/ s 3 after they found the values of e by integrating the dissipation spectra, 
${k i )n  from the measurement run in a tidal channel. Hence $(/ci)n becomes:
if normalized by local free stream velocity Ue and v
H h ) n
vUp.
18 Tr{ 5 f k i v \ ~ 3
=  5EK { m )  l t d
(4.23)
(4.24)
multiplying by the boundary layer thickness (Sqq or £995) and rearranging for ^r,
e5
u !
$(fci)n ( h v ' y  
0A7vUe \ U e )
*UP5 (4.25)
Therefore, by plotting log m ) u ( ¥ against k\ will give a plateau in the inertial 
subrange region, from where dissipation can be evaluated, as illustrated in Fig. 4.17. In 
this example the inertial subrange extends over at least on decade in k\. The rise at the 
right is the noise peak in Fig. 4.16.
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4.2.17 Remaining Matters
1. Free Stream Velocity Ue
Ue was free stream velocity used to normalize the measured velocity and its products. 
Any run would be discarded if the measured free stream velocity was more than 1% 
different from the reading of Pitot static tube. The largest velocity in the vertical 
profile was chosen as free stream velocity. The Pitot tube used for hot wire calibration 
was placed in the free stream at the same x  station with hot wire, 40mm off center 
line and 70mm below the roof. Uref  was also used in the preliminary measurement as 
the velocity to normalized velocity and its products which was the velocity of Pitot 
probe.
2. Surface Effect on Hot Wire Measurement
When measuring the velocity, near the surface the measured value is larger than its 
expected value because of the heat conduction to the surface (Gibbings, Madadnia & 
Yousif 1995). In the present experiment, the surface is good conductor, so the value 
of the first point measurement which was measured with the probe in contact with 
the surface is larger than it should be, and so was omitted afterwards in this thesis. 
The second point with larger vertical distance collapse on sublayer law of turbulent 
boundary layer.
Just like the mean velocity, u2 showed a different trend from its expected value. 
When in contact with the plate, the hot wire could not responds to fluctuation of 
velocity changing as swift as it should be. Its response frequency is lower than normal 
situation by contacting with plate. Conversely, when near to the plate but not in 
contact with it, v? could be be larger than the expected.
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Figure 4.9: Velocity vector angle 7  and included angle j3
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Figure 4.14: Variation of skin friction with rounded leading edge
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Figure 4.17: Typical profile for calculating dissipation rate
C h a p t e r  5
Prelim inary M easurem ents
The most important part for this investigation is to study the flow downstream of a 
spanwise-invariant region of the swept flow and flow downstream of the fully three-dimensional 
flow region generated by means of a doubly swept blunt plate leading edge. In the first 
phase of this work, two pairs of leading edges ( 1 0° & ±  1 0 ° and 25° Sz ±  25°, as shown 
in Fig. 4.1) were manufactured in order to have choice over the strength of the three- 
dimensionality. It was thought the weaker case may have features that were significant but 
difficult measure to to an adequate accuracy.
5.1 M easurement in a Standard Zero-pressure Gradi­
ent Turbulent Boundary Layer
The profiles of mean velocity and Reynolds stress u2 for the rounded leading edge are 
given in Appendix § A. The main reason for having a unswept rounded leading edge is to 
have an approximate comparison of the streamwise mean and turbulent profiles between 
present measurement and former results of other standard zero-pressure gradient turbulent 
boundary layer. A 0.9 mm round trip was fixed by a fine filament of glue, 15 mm from 
the leading edge, to generate a turbulent boundary layer with stable transition. According 
to Gough (1996) and Erm & Joubert (1991), this is slightly larger than optimum for the 
free stream velocity of 16m/s employed for all the measurements presented in this thesis. 
Because of the section profile of the rounded leading edge (see Fig. 4.2), the flow should
80
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not separate and reattach as was confirmed by flow visualization ( not shown in here).
Downstream of the leading edge the boundary layer is expected to be a standard boundary 
layer, so obeying the log-law. The skin friction coefficient, derived by Clauser charts, is 
shown in Fig. 5.1. Also shown are data taken from Purtell, Klebanoff & Buckyley (1981), 
Murlis, Tsai & Bradshaw (1982), Erm & Joubert (1991), which were quoted by Fernholz h  
Finley (1996) as high quality data for standard boundary layer, and the more recent data 
from Gough (1996). The present measurements are consistent with all other da ta (Ree was 
varied slightly in a range of 1 0 0 0  to 1 1 0 0 ), giving confidence in the present measurements.
Fig. 5.2 gives an example of the mean velocity profiles at X  = 460mm.  The logarithmic 
layer commences at about y + = 30 and ends at a y/5  of about 0.25. The data from different 
spanwise stations collapse very well, thus only one station is shown (but see later).
The measurements of u2 at X  = 460m m  are presented in Fig. 5.3. Clearly seen is the 
familiar ’knee’ in the outer region of the layer. The peak value in u2 occurs at an approxi­
mately constant value of y+ =  1 2 . Also shown is the data from Gough (1996) which concur 
rather well up to y+ «  100, and the data from Erm (1988) for standard boundary layer at 
Ree = 998. The difference to Gough’s measurements can be accounted for the differences 
in Reynolds number Ree.
5.2 Downstream of Singly Swept 10° &; 25° Leading 
Edges
The surface stream line pattern downstream of the 25° swept leading edge is shown in 
Fig. 5.4. The pattern is typical for the flow past swept blunt plates. Adjacent to the wind 
tunnel side wall the “upstream side” attachment occurred very close to the separation 
line. For some width in the middle of the tunnel, the attachment line on the plate was 
straight, and closely parallel to separation line. Near the side wall on the “downstream 
side” attachment line appeared to curve slightly toward the streamwise direction. The 
central region in which the flow does not change with lateral position is called the spanwise
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invariant region. The distance between the lateral starting position of spanwise invariant 
region and side-wall region on the “upstream side” is larger than at the downstream side. 
This may mean that the recovery region of the spanwise invariant flow is to one side of the 
centre line.
A reduced scan image of a surface paint visualization of the flow near the “upstream side” 
of 10° leading edge is shown in Fig. 5.5 and that near the “downstream side” of the 25° 
case is shown in Fig. 5.6. The attachment line and the secondary separation line are 
both clearly visible. Between the separation line and the secondary separation line the 
paint is in a direction parallel to the leading edge, with no distinct curvature towards 
the secondary separation line, which is in consistent with the measurement and statement 
made by McCluskey et al. (1991), and they also explained the reason for this phenomena. 
Downstream of attachment, the limiting stream lines are curved toward the free steam 
direction .
As shown in Fig. 5.6, the secondary separation line and attachment line are not straight 
in the middle of the visualization. This was caused by a very small damaged region at the 
sharp edge, and verified what Wolf (1987) commented “the shape of the bluff body affects 
the flow behind it heavily” . The small distortion was hardly discernible to the naked eyes. 
Of course, some correction was made after the discovery of the distortion. This is one of 
the reason for doing flow visualization.
The skin friction (obtained from Clauser chart) is shown in Fig. 5.7 in non-dimensional 
form, Cf.  It takes about seven bubble lengths downstream before the profiles approach to 
the accepted logarithmic law of the wall (for present results and also, for example Alam 
& Sandham (2000)). Jovic & Driver (1995) compared skin friction measurements for the 
separation flow behind a back-ward facing step by using Laser-Oil Flow Interferometry 
technique(LOI) with those based on the log-law (Clauser-chart and Preston tube), they 
argued that the skin-friction showed good agreement for x / h  > 25 (where h is the height 
of the step), and this is about 4 attachment length in their case. At the station of X  = 
460mm, by using tunnel axis which starts at the separation line in the centre line of the 
tunnel, the profiles are supposed to obey the logarithmic law as X / X r is about 10.7. As
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the boundary layer has a large distance to develop, resulting in larger 6 and hence larger 
Ree, to a first approximation, A6/6 = A X / X .  Another reason for the variation in Ree 
is that the free stream velocity was ranged from 15 to 16 m / s  in some of the preliminary 
measurements. Also shown in Fig. 5.7 are data from Purtell et al. (1981), Erm & Joubert 
(1991) and Warnack (1994) for standard boundary layer, and the data from Castro & Epik 
(1996) for downstream of separated bubble. The labels on the figure are the lateral position 
for the nearest data of present study. Moreover, the present data are higher than standard 
value, which is similar to Castro & Epik (1996). The trend of these two sets of data are 
similar as well, although there exists some differences quantitatively.
Fig. 5.8 shows the mean velocity profiles for the 10° case in inner layer scales at X  = 
460mm.  The log law started as is usual at y+ = 30, but ended at about y/5  = 0.3, which 
is further out than the standard log law region, indicating the distortion of the boundary 
layer at this region as also observed by Castro & Epik’s (1998). All data from different 
spanwise station collapse very well.
Reynolds stress u2 is shown in Fig. 5.9 for the 10° leading edge at X  = 460m m  . It has the 
same trend as for a standard boundary layer, u2 decreases from a peak at about y+ =  1 2 , 
and shows the familiar ’knee’ at about y+ =  100. Same as the mean velocity profiles, the 
data from all stations collapse well. Also shown are the data from Warnack (1994) and 
Erm (1988) for a standard boundary layer with Ree of 2552 and 2244, respectively. The 
data differ below y+ = 30 between their and the present experiment, and beyond that, the 
data collapses very well up to the free stream. Fig. 5.9(b) is the data presented by outer 
layer scales with the data from Erm & Joubert (1991), and u2 is lower than standard at this 
station. Hence, the boundary layer is still distorted in someway at this far down stream 
as far as u2 concern. Comparison of the data is free of the effects of Reynolds number as 
Ree is roughly same in each case.
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5.3 Downstream of Doubly Swept ±10° &; ±25° Lead­
ing Edge
A scaled scan image of flow visualization in the middle part of the doubly swept ±10° 
leading edge is given in Fig. 5.10. An interpretation of the entire surface streamline pattern 
for doubly swept ±25° leading edge is given in Fig. 5.11. The ±10° case has a very similar 
stream line pattern to the ±25° case. Same as the unswept flow, there is some width next to 
the wind tunnel wall which is dominated by a curved attachment line, and a corner vortex. 
There is a roughly equal width either side of the axis of symmetry that is characterized by 
fully three dimensional features, where the two lateral flows meet. Between the separation 
line and secondary attachment line, there exist two ‘elliptical’ patterns at either side of 
axis of doubly swept leading edge, looking rather like the wings of a butterfly, indicating 
foci singularities. Between the central region and side-wall regions the reattachment lines 
are straight and parallel to the separation line, indicating spanwise invariant regions.
Again, for those preliminary measurements the skin friction was determined assuming the 
log-law to be valid far downstream. Fig. 5.12 and Fig. 5.13 are figures of skin friction 
coefficient versus Ree for ± 1 0 ° and ±25°, respectively. Also shown are standard boundary 
layer data from Purtell et al. (1981), Murlis et al. (1982), Erm & Joubert (1991) and 
Warnack (1994) and disturbed boundary layer data from Castro Sz Epik (1996). All the 
data showed the similar trend of decreasing C f with increasing R ee , noting th a t 6 also 
changes with lateral station. As the boundary layer in the central region of the tunnel is 
much thicker than in the spanwise invariant region, there is a relatively larger span of Ree, 
which is from 500 to 4500 and from 1000 to 7000 for ±10° and ±25°, respectively. The 
decreasing rate of C f  against Ree is different for different X  stations-the rate decreases 
with the increasing X qualitatively as in a standard boundary layer. As the lateral position 
is nearer the tunnel centre line, the data is further offset from the standard data. Thus as 
expected the boundary layer in the central region is more distorted than in other regions.
Fig. 5.14 and Fig. 5.15 are the velocity profiles at different X stations for ±10° and ±25° 
leading edge, respectively. The velocity profiles are obviously distorted. For example, at
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X  = 200mm, Z  = 0m m  for ±10°, the log-law ended at about y/S  = 0.1, which is smaller 
than a standard boundary layer. The shape of the profiles differ substantially in the outer 
layer of the central region, showing a decrease in the velocity gradient, and a subsequence 
increase further out. This must be a feature associated with the converging flow region, 
although it is also seen near to reattachment in 2D flows.
As the streamwise distance X  increases the profiles became more like the standard bound­
ary layer. Although the profiles for the ±10° and ±25° cases are very comparable, there 
are some differences between them. Principally that the larger leading edge angle results 
in a larger distortion and needs longer time or distance to recover. This is to be expected.
Fig. 5.16 shows the Reynolds stress u2 versus y+ for three measurement stations of the 
±10° case, and the standard boundary data from Erm & Joubert (1991) and Warnack 
(1994) are also included as reference. Some data to the side of the central region collapse 
well with the standard boundary layer. A peak near the position of the standard knee 
can be seen in some profiles, which decreases in strength as X increases. The first peak 
occurs at y+ = 12 as typical of a normal boundary layer. The second peak occurs between 
y+ = 800 and 900.
Fernholz & Finley (1996) also claimed a “double peak” of Reynolds normal stress u2 for a 
zero pressure gradient, high Reynolds number compressible boundary layers. They argued 
that peaks in the u2 distribution should be accompanied by peaks in the production term, 
but this appear to be the case only for the first near-wall peak, so they assumed tha t the 
second peak is too weak to correspond to a detectable maximum in the production. In 
present study, the second peak accompanies the sharp increase in mean velocity gradient 
seen in Fig. 5.14.
Fig. 5.17 shows the Reynolds stress u2 versus y+ for the ±25° case. The trends are very 
similar to ± 1 0 ° case, but the distortion is larger, and the second peak is further out, at 
about y+ = 2000. Again, this outer peak corresponds to the region of steep mean velocity 
gradient in the outer part of the flow. Also, it is well outside the outer edge of the knee, 
implying it is not associated with this feature. As X  increasing, the second peak value 
decreases in strength, but it is still at the same y+ position (about y+ = 2 0 0 0 ).
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An interesting feature for both the ±10° and ±25° cases is that the distortions are confined 
in the central region from Z  = — 50 to Z  = 50 in the range of X  examined, even though 
the distortion is different quantitatively.
5.4 Sym m etry Study
Symmetry with respect to the centre line (if it exists) is a convenient feature of the flow 
studied. A thorough study on flow symmetry and uniformity was carried out before making 
the main sets of measurement, in order to build confidence on the quality of the flow, and 
to understand the main feature of the flows under investigation. Special care has been 
taken to make the flow as symmetrical as possible. For example, the walls of working 
section were made as smooth as reasonable, so the boundary layer on side walls would be 
as thin as possible.
There were four steps in the symmetry and flow uniformity study: a)W ith unswept blunt 
leading edged, to make sure the free stream flow is uniform, b)W ith doubly swept leading 
edge, to make sure the flow is symmetrical, c) Comparison between singly swept and 
unswept blunt plates, d)Comparison between doubly swept and singly swept leading edge 
in swept coordinate system,
5.4.1 Flow Downstream of Unswept Leading Edge
The data shown in this chapter were measured by changing lateral position continuously 
at fixed streamwise and vertical positions. As mentioned in Chapter 1 , there are three 
coordinate systems in this study, namely, tunnel coordinate system X  — Z,  plate coordinate 
system x '—z' and swept coordinate system x —z, as shown in Fig. 1.4. The three coordinate 
systems collapse to a single system for unswept blunt plate leading edge.
From the example of the mean velocity profiles in Fig. 5.18, the conclusion can be drawn 
that the velocity, U, is uniform and symmetrical with respect to the centre line at the 
different vertical positions. There is no obvious presence of side wall effects on the mean
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velocity profile. The value of the velocity are within a 1% band at the different vertical 
positions in the region —200m m  < Z  < 200mm.
The Reynolds stress u2 is more sensitive than the mean velocity, as can be seen from the 
example in Fig. 5.19. It is larger near the side walls due to the effect of the side wall 
boundary layer and the effect is larger further downstream because of the increasing of 
side wall boundary layer thickness. There is a span in the centre between Z  = ±  140mm 
which is free of end effects for X  = 350ram, comparing with a span between Z  =  ±160rara 
for X  = 100mm.  Side wall effects are larger at a lower vertical position than at a higher 
vertical position. For example, there is no sign of wall effect ( inside Z  = =L160rara) at 
X  = 100m m  and Y  = 20m m  at all, which is shown in Fig. 5.19. In general, the flow 
downstream of unswept blunt plate is uniform and symmetrical with respect to the centre 
line, and there is a clear region free of side wall effects.
5.4.2 Flow Downstream of Doubly Swept Leading Edge
Fig. 5.20 shows the mean velocity measured by single hot wire probe behind the doubly 
swept (±25°) leading edge at three streamwise stations. The coordinate system used in here 
is the tunnel coordinate system. These profiles also show a high degree of symmetry. There 
is a minimum very near the central plane. The velocity increases with lateral positions, 
Z , until a position is reached at which it becomes constant. This is consistent with what 
Hardman (1998) found that the boundary layer in the central region is thicker than it is 
in spanwise invariant flow. The difference between the velocity minimum and the constant 
velocity in the spanwise invariant region is smaller further downstream, consistent with a 
weakening of the flow in the central region compared with that in the spanwise invariant 
regions. Near the surface the mean velocity increases slightly outside Z  = ±  100mm, which 
is a residual effect of the side walls-see below. The velocity profiles are quite symmetrical 
with respect to central plane.
Because the bubble length and height near the side walls is relatively much smaller than 
in the spanwise invariant region and central regions, (see surface visualization of Fig. 5.6
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and Fig. 5.5), the flow is less distorted downstream, and the boundary layer thickness is 
smaller as well, as shown in Fig. 5.21 (Note these profiles are at constant x  which means 
the boundary layer has longer x  distance to develop for larger Z\ the boundary layer is still 
thinner near the side walls). In the Profiles of u2, Fig. 5.22, the level of u2 decreases with 
Z. This is because the local boundary layer thickness has also decreased. Because of the 
combined effects of a thinner boundary layer and longer distance to develop, the existence 
of a spanwise invariant region could not straight forwardly be identified here. This will be 
discussed further in § 5.4.4, where the more suitable swept coordinate system is used.
In the central region, the u2 level is very high compared to the outer region. It has double 
peaks at about z = ±20 for all measurement station except at one stations, X  =  100mm 
and Y  = 20mm, where there is one central peak. The lateral positions of the double peaks 
remain virtually constant with streamwise position. There is a local minimum near the 
centre line. The u2 profiles are very symmetrical with regard to the centre line of the 
tunnel.
5.4.3 Comparison of Flow Downstream of Singly and Unswept 
Leading Edges
Lateral profiles of U and u2 are shown in Fig. 5.23 and Fig. 5.24 using swept coordinate 
system. The distance x  is measured from the separation line, and is the same for different 
lateral positions for both the 25° swept and unswept blunt plate cases, as shown in Fig. 1.4.
Fig. 5.23 show the mean velocity normalized by the reference velocity at three streamwise 
stations and fixed vertical positions. These collapse together excluding the regions near 
the side walls. The difference between the two cases is within 2 %. For swept case, the 
velocity is slightly higher towards the negative-2  side wall, but is less influenced on the 
positive- 2  side. This is consistent with a larger side wall influenced region on the negative 
side, as shown in the visualization of Fig. 5.4 (the leading edge is further upstream for the
*).
As concluded in § 5.4.1, there exists a two-dimensional region behind the unswept blunt
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plate, which is from 2  =  — 140mm to z = 140mm for x = 350mm. A spanwise invariant 
region can be identified from the profiles of u2 Fig. 5.24 for the 25° singly swept leading edge, 
which is from z  =  — 140mm to z = 80mm at x = 350mm. Side-wall effects extend further 
into the flow on the negative- 2  side. The spanwise invariant region becomes narrower at 
further downstream stations, but U and u2 continue to agree well with U and u2 of the 
unswept case in the region.
5.4.4 Comparison of Flow Downstream of Doubly Swept and 
Singly Swept Leading Edges
The profiles for both leading edges shown in this section are with reference to the swept 
coordinate system (Lines of constant x  are parallel to the separation line). The sweep is 
of the same sense on the negative- 2  side for both cases.
Fig. 5.25 and Fig. 5.26 show that there is a spanwise-invariant regions either side of the 
central region of the doubly- swept case, but it is difficult to tell where the regions start 
and end just from mean velocity profiles Fig. 5.25. u2/U^ef  provides the more sensitive 
measure.
By comparing the two sets of profiles it can conclude about doubly swept case as below:
1. On the 2  >  0 side, the region of spanwise invariance begin at 2  «  50mm and end at 
2  «  150mm (beyond which side wall effects become clearly noticeable).
2. On the 2  < 0 side, spanwise invariance begin at about 2  «  — 50mm but end sooner at 
2  «  — 100mm. Outside 2  =  100mm u2 decreases as a result of the larger interaction 
of side-wall effects on this side.
3. These boundaries appear to be approximately independent of x, at least for 100mm < 
x  <  350mm.
In overall terms, the thickness of the plate( ie, the side of the separation ‘bubble’) is
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relative small compared to the width of the wind tunnel working section provided spanwise- 
invariant regions for the doubly swept flow between z  ~  50mm and z  ~  100mm.
There is spanwise invariant regions of about X r in width either side of the central region. 
On the basis of present work this was deemed just about sufficient to meet the objective 
of a fully three-dimensional central region flanked by regions of spanwise-invariant flow.
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F ig u re  5.5: Surface flow visualization for 10° leading edge near the upstream tip side
F ig u re  5.6: Surface flow visualization for 25° leading edge near the downstream side
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F ig u re  5.10: Surface flow visualization for doubly swept ±10° leading edge
(central wind tunnel)
F ig u re  5.11: Surface stream line pattern for doubly swept ±25° leading edge
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F ig u re  5.16: u2/JJ? versus y+ for ±10° leading edge 
a) X  = 200mm,  b) X  = 460mm, c )X  =  1000m m
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(cont)
C h a p t e r  6
Unswept Leading Edge
In this chapter the mean velocity, Reynolds stresses, Kinetic energy balance and shear 
stress balance are presented and discussed, and compared with Castro & Epik’s results. 
The flow width of this study is 14.2 times of the bubble lengths, which is wide enough 
to ignore side-wall effect. As pointed out by McCluskey et al. (1991), the separating and 
attaching streamlines are connected only when the flow is spanwise-invariant. Since this 
is what happens in the spanwise-invariant region of the unswept and swept flow, the term 
“reattachment length” {Xr) can be used for the two cases. In more general flow this is not 
the case and so the term “attachment length” (X a) is used later.
6.1 Mean Velocity Measurement
Table 6.1 lists the streamwise measurement stations in this case, also in x / X r and {x — 
X r)/5r. 5r is the flow thickness (defined by U = 0.99Ue) at reattachment. Pulsed wire 
measurements were only made at those stations donated by a star. For present flow the 
assumption for thin shear layer is valid as 0.012 < ^  <  0.045. The profile of the boundary 
layer thickness is shown in Fig. 6.1.
The pulsed wire shear stress probe was calibrated by the method described in 4.2.10. The 
error of a new calibration was normally within 2% of the Preston tube measurements. 
Moreover after one measurement, the drift of the measurement was less than 2% in all 
cases. Two components, namely, streamwise shear stress rx and spanwise shear stress rz,
112
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Table 6.1: Axial measurement stations for unswept leading edge 
_______________ X r = 42mm Sr = 10.56mm_______________
x(mm) 100* 200* 300*
*
400 500* 600 800 1000
x / X r 2.38 4.76 7.14 9.52 11.9 14.29 19.05 23.81
(x — X r)/Sr 5.49 14.96 24.43 33.90 43.37 52.84 71.78 90.72
* The position wi1th pulsed wire p Lug
were obtained with the probe set at 5 angles (see § 4.2.11). Theoretically, rz should be zero 
in this 2D flow. Indeed it is very small in the measurement compared to the rx - better 
than 0.04rx.
In the initial measurement, the skin friction rx at the second plug (x  =  200mm) for all 
cases showed a different trend. After careful investigation, it was found tha t the second 
plug was slightly deeper than it should have been, with the result that the value at this 
position for all cases was lower than the true value. A Correction was made to compensate 
the effect of this lower surface.
Skin friction rx was also calculated from a Clauser chart (see 4.2.13), the level obtained 
by these two methods both increase some streamwise distance before falling down again, 
showing the similar trend claimed by Wolf (1987) and Castro h  Epik (1996), though the 
position reaching maximum is different for these two cases, 1.3Xr and 3.8Xr , respectively. 
Furthermore it is different from present measurement too, which is 4.76Xr . The position 
could be more close to Castro & Epik (1996) thinking there is no measurement station 
between 2.38Xr and 4.76Xr . The difference of skin friction coefficient C f  (as defined in § 
2.1.2.4) by Clauser chart and pulsed wire probe decreases further downstream, shown in 
Fig. 6.2 and Fig. 6.3. The difference of C f  in percentage C f per is defined as Cf'PcJAw l ' ~  x 
100. The difference decreases with the streamwise distance, indicating the recovering 
procedure of the distorted boundary layer. The difference in Cf  is within 10% at the 
last pulsed wire station, x / X r =  11.9. It is to be expected that the difference would be 
smaller further downstream. After comparing the skin friction measurement of Laser-Oil 
Flow Interferometry technique (LOI) behind a backward facing step, Jovic & Driver (1995) 
found that Clauser chart and Preston tube gave systematically lower value for r  if x  < 4X r .
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The skin friction measurement of pulsed wire in present study supported their view.
Pressure measurements along the plate surface (centre-line) show there was a small fa­
vorable pressure gradient, as shown in Fig. 6.4. The parameter used as a measure of the 
importance of the pressure gradient is defined as (v/pzfydp/dx,  and is given in table 6.2 
with uT from the measurement of pulsed wire probe. The absolutely values are all below
0.001, so the pressure-gradient effects can be ignored.
T able 6.2: Pressure gradient parameter for unswept leading edge
x(mm) 100 200 300 500
(u/pul)dp/ds(x  104) -6.71 -4.78 -3.89 -4.33
Note: s is distance along an external streamline.
The significant dip below the standard log law of mean velocity profile was first noted by 
Bradshaw & Wong (1972). It is obviously the case in this study, as shown in Fig. 6.5. 
The skin friction velocity was obtained as described earlier. The mean flow developed 
rather slowly downstream of attachment. The profile has filled out considerably only by 
x / X r =  11.9, and there still exists a significant deficit in the outer layer. The mean velocity 
profile is extremely similar to the boundary layer under adverse pressure gradient whose 
log law region extends at about y/S  = 0.6 ~  0.7 as discussed by Simpson (1996). Defining 
A U+ as the difference between the log-law level and the measurement, the deviation in 
U+ decreases with (x — X r)/5r, as shown in Fig. 6.6, at both y+ = 100 and y+ =  250. The 
U+ developed to standard value eventually. Both this two vertical stations belong to log 
law region.
If the velocity profile presented is in outer layer coordinates, where wall distances are 
normalized by the Rotta-Clauser scaling parameter defined as A =  S*/uf  ( where 5* is 
the displacement thickness, and is free stream velocity normalized by skin friction 
velocity uT), the development trend is different, as shown in Fig. 6.7. One thing should be 
mentioned first is that the free stream velocity used is the local maximum velocity (From 
the first streamwise station x / X r = 2.38 to the last streamwise station x / X r = 23.81, free 
stream velocity Ue increased about by 2.7%).
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Comparing to the standard wake-law curve, the development of the outer layer is obviously 
non-monotonic. Surprisingly, the profile at x  — 2 ,38Xr is close to a standard boundary 
layer ( above y / A  = 0.15). By this is meant that (Ue — u) /uT at a fixed y / A  ( above 0.15) 
was below the standard and rapidly overshoot before developed slowly back to normality 
downstream. By the last station the boundary layer has still not recovered to the standard 
boundary layer, which is different from the wall-law profiles in the inner layer scale, sug­
gesting the slowness of the development of the outer layer. In totally contrast, at a fixed 
y / A  in inner layer ( y /A  < 0.15), the value was slightly higher than standard value first, 
then decreases dramatically before it increases slowly back to standard value, which also 
is different from the wall-law profiles in the inner layer scale (It recovers from lower value 
to standard value monotonically as shown in Fig. 6.5). The non-monotonic development 
have two meanings compared with standard wake-law. Firstly, inner and outer layers have 
different trends during development. Secondly, in one layer ( inner or outer layer) the trend 
is different at different development stage. In totally, the linkage between inner layer and 
outer layer is not normal until the very last measurement station.
6.2 Reynolds Stresses
Five components of Reynolds stresses u2,v 2,w 2,uv and uw were measured at the x-stations 
listed in Table 6.1 between x / X r =  2.38 and 23.81. uw is not presented here because it is 
zero theoretically; measurements confirmed it was very small compared to other Reynolds 
stresses. A selection of the stress data, in inner layer and outlayer scales, are presented 
alongside the corresponding data from Erm & Joubert (1991) or Warnack (1994) ( except 
u2 was the measurement of our own rig, which is shown in Fig. A.2 and Fig. A.3), to 
allow comparison with standard boundary layer data. The reason to choose these two 
sources is that these are recognized as typical modern, high-quality data by Fernholz h  
Finley (1996), and the Ree are basically in the range (2777 and 2552, respectively) of 
the Ree of this study, which is roughly 2700 at late development stage. It would have 
been ideal to measure standard boundary layer data by using our own rig, but because 
of the negligible axial pressure gradient, high spanwise aspect ratio of the flow and good
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measurement techniques, our measurement should not have big difference with the data 
of Erm & Joubert (1991) and Warnack (1994). Though we did make measurement of 
standard boundary layer in early stage of this study but only u2 was measured. The data 
from them were used as standard boundary layer data to save time in this study.
In the early stage of development (at x / X r =  2.38) all the stresses are similar at outlayer 
with standard boundary layer, see Fig. 6.8 for u2,v 2,w 2,uv  in inner layer scale. The level 
of the distortion in the inner layer is dramatic. The distorted peak for the streamwise 
normal stress u2 is 3 times the value (at y+ = 200) of standard boundary layer, 6 times 
for v2, 5 times for w2 and 4 times for uv. In the inner layer scale u2 quickly falls to that 
of the standard boundary layer, as inferred from the far-held measurement ( which fall 
below the standard data as cited above), uv falls almost as rapidly, but v2 and w2 in 
contrast fall slowly, only reaching the standard boundary layer levels at the last station, 
x / X r =  23.81. This is probably linked to the slowness of the mean velocity to reach the 
standard logarithmic behavior (Fig. 6.5). In the outer layer scale, u2, uv (Fig. 6.8(b) and 
Fig. 6.8(h)) clearly undershoot the standard boundary layer levels. As in the inner layer 
scale v2 and w2 fall more slowly than u2 and the present rig as not long enough to establish 
whether or not v2 and w2 undershoot the standard levels; they do undershoot the standard 
levels in outlayer scale, due to the different ratio ur8ggjv of the two scales for standard 
case and present.
From the stress profiles of v2 and uv in outlayer scale, Fig. 6.8(d), and Fig. 6.8(h), the 
maxima are ‘remote’ from wall, although the peak is not very obvious due to lacking of 
inner layer data, u2 also shows a peak at about the same y/Sgg. w2 is different in tha t it 
increases all the way to the wall. Castro & Haque (1987) attributed this phenomena to the 
wall having less effect on w2 than on the other components. The peak in u2 shifts outward 
as moving downstream, and is aligned with the inflection point in the mean velocity profile. 
Song et al. (2000) observed this phenomena as well.
This general behaviour of turbulence stresses agrees with the data of Castro &; Haque (1987) 
and Alving & Fernholz (1996). Alving &; Fernholz (1996) also found in their measurements 
downstream of a reattaching axisymmetry bubble that v2 and uv retain the peaks for
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much longer than the other two components and concluded that this behavior is a common 
feature in other flows developing subsequent to reattachment and is largely independent of 
the nature of the flow upstream of the separation. Moreover, Song et al. (2000) (who did 
not measure w2) stated that the peak of streamwise normal stress, u2, is coincident with 
the other peaks and with the inflection point in the mean velocity profile, which we can 
verify from our measurements as well. This feature is more significant in the central region 
of doubly swept case due to the more severe deformation of mean velocity, as seen § 8.2
Given the ‘lag’ in the decrease of v 2 and w 2 it is assured that all the stresses will fall below 
standard outer-layer levels before recovering. This development is extremely slow. At the 
last streamwise station, x / X r = 23.81, it appears neither u2 or Wv have quite fallen to their 
respective minimum, and it might require a considerably longer distance for the stresses 
to rise to their standard boundary layer value. The change of Reynolds stresses and q2 
at y / S g g  = 0.25 with streamwise distance is shown in Fig. 6.9. q2 is defined as double of 
kinetic energy. This is consistent with the development of the mean velocity. Even though 
the log law region is well established by x / X r = 11.9, the shape of the velocity profile is 
still quite different from the standard shape at x / X r = 23.8.
It is also consistent with the turbulence structure parameter, taking Wv/q2 as an example, 
which is shown in Fig. 6.10 at the various streamwise stations. Compared to the standard 
boundary layer data, Wv/q2 has a maximum in the middle of the boundary layer at the 
early development stage, and the peak disappeared at the same x station with the profile 
of WU. At the final x- station, the profile of Wv/q2 are still quite different from the standard 
boundary layer. There is no evidence of emergence of the region where u v / q 2 is constant ( 
Wv/q2 is 0.15 from y / S g g  = 0.3 to y / S g g  = 0.8 for standard boundary layer). Furthermore 
the levels are significantly lower than the standard boundary layer, indicating tha t the 
shear stress production is relatively low.
v 2/ u 2 also differs from the standard boundary layer at all station, as shown in Fig. 6.11. 
At the last x-station, v 2/ u 2 is well below the standard boundary layer at inner part of 
the layer, while the ratio is higher in the outer part. Fig. 6.12 shows the ratio of w 2/ u 2. 
Interestingly this ratio does not change much across the whole boundary layer, and changes
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very little with the streamwise distance, x. The latter point is rather surprising, in that the 
level remains at about only half that in a standard boundary layer, implying an exceeding 
slow return to a standard boundary layer. This study confirms the statement of Bradshaw 
& Wong (1972) that the turbulence profiles developed to standard boundary level much 
slower than the mean velocity profile, though only shear stress uv was presented in their 
paper.
6.3 The Higher Order M oments
The triple products of fluctuating velocity which are normalized by free stream velocity 
Ue, shown in Fig. 6.13, representing the turbulent transport of the Reynolds stresses. For 
truly two-dimensional flows, by assuming negligible instrument errors, the triple products 
u2w and w3 should be zero. u2w and w3 are generally very small compared to other 
components in this case. The triple products must go to zero in the free stream if there 
is no free stream turbulence ( 0.2% in this study). Upstream of x / X r =  9.52 all the 
triple products have peaks at about the same vertical position and this position vary with 
x / X r. This phenomena ceased to occur further downstream. At the x-stations shown here 
( x / X r =  19.05 and x / X r = 23.81), the peaks of u3 and u2v occur at one vertical position 
and v3 and uw2 peak at a vertical position further out of the boundary layer, while the 
peak in uv2 lies somewhere between those two positions.
Between the first and last measuring stations, the levels of the triple products have all 
fallen considerably, nearly two decades, reaching maxima not too far from the value in a 
standard boundary layer at the farthest measurement station, as shown in Fig. 6.13(d) at 
x / X r =  23.81, whereas, the shapes of the profiles are still very different to those found in a 
standard boundary layer. The largest difference at x / X r = 23.81 occurs inside the region 
y / S g g  < 0.6, with v 3 falling very close to the standard boundary layer from y / S g g  = 0.7. 
This phenomena indicates again that a long distance is needed for the flow to develop into 
a standard boundary layer.
Taking u3 and v3 as examples, Fig. 6.14 shows how rapidly the peaks of triple products
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decrease with the streamwise distance. Note the log-linear axis. Initially the value of u3 and 
vs are very much higher than the standard value, indicating the amplification of turbulence 
in the separation region and around reattachment. However there is no indication that they 
fall below the standard level, which is different from the behavior of Reynolds stresses, at 
least in unswept case.
If the triple product u3 is scaled by (V?F)3, the skewness factor Su is obtained, which is 
a measure of the asymmetry of the probability distribution of u. Positive Su means that 
large positive values of u are more frequent than large negative values. Flatness factor 
Fu is the fourth order moment scaled by (u2)2, and it is a measure of the frequency of 
occurrence of events far from the axis. Fernholz Sz Finley (1996) stated tha t skewness and 
flatness are independent to Reynolds number in the viscous sublayer and log law region, 
and skewness Su is roughly 0 and Fu is about 2.8 in these two regions. The high value of 
Fu in the outer region is the evidence of the intermittent nature of the flow associated with 
the turbulent/non-turbulent interface.
As shown in Fig. 6.15, outer layer scale was used in this profile instead of inner layer scales 
due to lack of pulsed-wire skin friction measurements at some x-stations. However, the 
profiles still confirmed the statement of Fernholz & Finley (1996), that Su is nearly 0 and 
Fu is about 2.8 below y/Sgg = 0.1. In the early stage of development after attachment, 
the high flatness and strongly negative skewness in the outer part of the boundary layer ( 
compared with a standard boundary layer) are indicative of the more energetic entrainment 
process typical of plane mixing layers (Castro Sz Epik 1998). In contrast, in the inner layer 
Su and Fu are similar to the standard layer even near attachment. Further downstream, 
the level in the outlayer is more like the standard level, though at the last streamwise 
station significant difference remains.
The trend is similar for the vertical fluctuation, as shown in Fig. 6.15. Fv in the inner 
layer is about 3.4 which is in line with the value given by Fernholz Sz Finley (1996). 
The skewness factor Sv remains negative across the whole layer in these measurement. 
Fernholz Sz Finley (1996) found that Sv is positive everywhere in their standard boundary 
layer, which is in contradiction with the measurements of Balint, Wallace Sz Vukoslavcecvic
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(1991) and Johansson (1988), but is in agreement with Erm & Joubert (1991), Kastrinakis 
& Eckelmann (1983) and Andreopoulos, Durst, Zaric & Jovanovic (1984). Fernholz & 
Finley (1996) concluded that more reliable measurements in the near wall region is needed 
to verify the measurements as they could not provide an explanation based on the physics 
of the flow.
The skewness Sw is zero in a truly 2D boundary layer since all odd higher order moments 
of w are zero because of the symmetry of the mean flow, which is nearly the case in the 
measurement in Fig. 6.15(e) (presented at the same scale as Su and Sv). Balint et al. (1991) 
confirmed this in their experiment too, though there were some departures in Bruns, Dengel 
& Fernolz (1992) due to measurement uncertainties at the higher Reynolds number. The 
flatness factor Fw in the inner layer also agrees with Bruns et al. (1992) and Fernholz, 
Krause, Nockemann h  Schober (1995) data, namely, 3.4. All the profiles from the different 
stations fall close to a single curve despite the Reynolds number Ree ranging from 1034 
to 2700, giving support the conclusion of Fernholz & Finley (1996) that S w and Fw are 
independent with Reynolds number Ree.
6.4 Spectra
Typically, 120 to 180 blocks, each of 8192 samples were obtained at 10kHz from suitably 
filtered signal ( see §4.2.15) and transformed to get the spectra. The velocity spectra 
presented here were along the locus of u' /U = 2.5% at the shear layer edge, which is a 
region of more-or-less irrotational velocity fluctuations, with turbulent bursts noted only 
rarely, as shown in Fig. 6.16. Fig. 6.17 shows the position of this locus. Near separation, 
the spectra are dominated by the low-frequency fluctuation, and this phenomena appears 
to be an integral feature of a fully turbulent separation, given that the effect of weak stream 
unsteadiness, aspect-ratio and tunnel acoustics can be ignored. This phenomena does not 
persist into the downstream of the bubble. The peak of the spectra at higher frequency 
is the combined effect of the intermittency and high energy large scale motions, which is 
typical for mixing layers.
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The largely irrotational velocity spectra are driven by shear layer vorticity fluctuations 
and large-scale bubble motions. There is a steady fall in characteristic frequency from 
separation to about the middle of the bubble, which shows the progressive growth of 
shear layer scales, followed by the establishment of a fixed frequency for the irregular 
broad band shedding of vorticity from the bubble (Hillier et al. 1983). This phenomena 
is shown in Fig. 6.18. Cherry et al. (1984) also claimed similarly an initial progressive 
fall in frequency with streamwise distance of the fluctuations driven by the local shear- 
layer structure, and then the appearance of a shedding contribution which dominates the 
approach to reattachment and the development downstream. In the middle region of the 
two (also the middle of the bubble) the two regions overlap with each other. There is 
no abrupt change of the spectral characteristics. This is just the progressive dominance 
of one process over the other. If the peak frequency for the shedding from the bubble is 
normalized by bubble length and the upstream velocity, the value agrees with the value of 
Cherry (1982), McGuinness (1978) and the range found by Mabey (1971), which was 0.60 
to 0.8.
Downstream of the attachment the velocity energy spectra were measured at several vertical 
stations to get a complete set of measurements (for obtaining the dissipation rate). Fig. 6.19 
is the u-component energy spectral density at x / X r = 9.52 and 19.05, normalized by outer 
layer scales Uref  and 6qq. The shape of the profiles is similar. Though the profile at 
x / X r = 19.05 has not developed to the form expected for a normal boundary layer, it 
is more like normal boundary layer than the profile at x / X r = 9.52. However, Fernholz 
& Finley (1996) stated that the spectra have the form of a regular boundary layer far 
downstream.
The —5/3 region is very clear for both x  stations. The significant peak, which is shown at 
earlier development stages (shown in Fig. 6.16 ) around kSgQ =  1 ( the edge of the shear 
layer) for the measurement at outlayer, disappeared further downstream, indicating the 
substantial reduction in turbulent energy.
CHA PTER. 6. U N SW E PT LEA DTNG EDGE 122
6.5 Energy Balances
The turbulent kinetic energy transport equation Eq. (3.12) can be simplified to two- 
dimensional form for the unswept case. Therefore the advection, product, and transport 
terms can be written as below
1. advection: - U ^ - V §*
2. production: - u v ( ^  +  §£) -  (u2 -  v2)g^
3. Diffusion: — ^  ^  +  pressure diffusion terms
As mentioned in § 4.2.16, two methods were used to calculate dissipation rate. The first 
was by the differences. This is on the assumption that the pressure diffusion terms are 
small enough to be ignored, and the Reynolds number is large enough so tha t the viscous 
transport of turbulent kinetic energy is negligible by comparison with the dissipation. The 
second and more accurate way was to calculate it from the measurement of energy spectra. 
The results are presented in the profile, as shown in Fig. 6.20 with standard boundary 
layer value at x / X r = 4.76, 9.52 and 19.05. The two values for the dissipation shown 
in Fig. 6.20(b) and (c) are very close. The small difference of two value of dissipation 
confirmed that the pressure diffusion must be small, and comparable with the diffusion by 
the velocity fluctuations.
Although it is a large task to obtain sufficiently extensive data for accurate estimations of 
all measurable terms in the turbulent energy and shear stress balance, effort was made to 
include every term listed above. According to the gradient of velocity and its products, 
reasonable streamwise space was chosen for accuracy of balance estimates. For example, 
in order to get accurate balance estimates for station x / X r = 9.52, measurements were 
made at x / X r = 7.14 and 11.9 as well at the same y stations. Thus, relatively accurate 
differentiation could be obtained by using centered differences of 0 ( h 2) (where h is spacing 
of differentiation).
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If the data is not equally spaced, an alternative way for derivatives is to fit a second order 
interpolating polynomial to each set of three adjacent points and obtain the deviation from:
«.// \ /,/ \ 2# X{ 3^+1 i  \
( 6 ' 1 }
+  /(*,)■ 2 x ~ x ^ ~ x ^
( X i +1  ~  X i - i ) ( X i + i  ~  X i )
where x is the value at which to estimate the derivative. If the data is equally spaced, the 
equation above equals to centered differences at point x = X{.
In the above balances, the production of turbulence kinetic energy by direct stresses, — {u2— 
v2)% ,  was negligible compared to — +  The streamwise velocity fluctuation parts
of turbulent transport of kinetic energy, — was small compared with the cross stream 
term — vk  was approximated by 1.5v(u2 + 1;2), since vw2 could be estimated roughly as
0.5v(u2 +  v2) (Hancock 1980). Furthermore, the profiles of vu2 and v3 do no differ greatly
in shape, suggesting that vw2 is probably also similar in shape. The net contribution of 
diffusion over the whole boundary layer should be zero, and this is the case in the profiles 
here.
Generally, energy is lost from inner half of the layer ( y/d99 < 0.6) by diffusion at these 
three x  stations, though by the last station the diffusion is almost negligible, and starting 
gain energy further out of the layer. The cross-over point is about the same as tha t in 
a standard layer. The peak of the loss at x / X r = 4.76 is nearly as large as the the 
dissipation, but has decreased substantially by x / X r = 9.52. The advection term  showed 
a similar trend, except it provides a gain in energy in the inner half and a loss further 
out. The advection term at x / X r = 4.76 is much higher than the value at x / X r = 9.52, 
alternatively, roughly 3 times. Furthermore, it is higher than the level of production at 
the earliest station, but is much smaller at the last station. This high value is due to the 
high level of the Reynolds stresses after attachment, as mentioned in § 6 .2 . The advection 
term decreases sharply further downstream as the result of the sharp decrease of Reynolds 
stresses.
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One interesting thing should be noted about the production is at x / X r =  9.52, it coincides 
very closely with the standard boundary layer. Further downstream, it is actually lower 
than standard value in the outer part, confirming the non-monotonic development nature 
of the flow again. Turbulent kinetic energy equation in the region y/599 >  1 reduces to 
“advection «  diffusion by velocity fluctuations” . This is general feature of boundary layer 
flow rather than a unique phenomena of the flow studied.
6.6 Shear Stress Balances
Similar to the energy transport equation, after simplifying shear stress transport equation 
to two-dimensional form, the terms for convection, generation,turbulent transport, are
1. convection: -  V&&
2. generation: - u 2%  -  v2§^
3. Turbulent transport: —^  ox  a y
The destruction term has to be calculated as the difference between the sum of the three. 
As with the Reynolds stress balance, this is on the assumption that the viscus terms in 
the shear stress transport equation are negligible by comparison with the destruction term. 
There the generation of shear stress by the shear stress, — u2^ ,  was negligible compared 
to the term — The turbulent transport by streamwise velocity fluctuations, — ^ r ,  
was small compared with the cross stream transport term — as in the energy balance.
Basically, convection and turbulent transport terms are substantial at x / X r = 4.76 but 
decrease fairly rapidly with the streamwise distance, as shown in Fig. 6.21. Shear stress 
energy is lost through turbulent transport term in the inner half of the boundary layer 
(y/S99 < 0.6), and is gained in the outer layer. Convection behaves the other way around. 
Both of them change sign at same y-position at x / X r =  4.76 though this is more difficult 
to judge for the rest of the x-stations. At x / X r = 19.05, the convection and transport 
terms are nearly zero, indicating there is no shear stress transportation by mean flow
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velocity and turbulence across the boundary layer. These are smaller than that of the 
standard boundary layer, and may be a a consequence of the non-monotonic development 
of Reynolds stresses.
The sum of the transport term over the whole boundary layer is roughly zero. The de­
struction terms at x j X r = 4.76 has a small peak in the middle of the boundary layer 
(y/S99 =  0.58), corresponding to the position where both convection and turbulent trans­
port terms change their sign. At first the author thought this might be a numerical error. 
However, the same peak shows at same vertical position at x / X r =  9.52, when the convec­
tion and turbulent transport terms keep the same sign. In short, the peak at destruction 
might be a true feature of the flow. The peak fades out after some distance of development 
(Fig. 6.21(c)), where it can no longer be seen. In contrast to turbulent energy balance, 
there is no region the generation and destruction of shear stress are small enough to permit 
“convection «  turbulent transport”
6.7 Comparison W ith Other Workers
As mentioned in § 2.2, only a few studies have been made of the flow well down-stream 
of reattachment: Horton (1972), Bradshaw & Wong (1972),Wolf (1987), Papadopoulos & 
Otiigen (1995), Castro & Epik (1996) and Song et al. (2000) are the main contributions.
A comparison with Castro & Epik’s data is shown in Fig. 6.22 for u2, v2,w2 and uv. 
Basically, the data is comparable with the data from Castro & Epik (1996), though the 
level of uv is lower. However, the data at last station, where x / X r = 23.81, collapse with 
their data at the final station if Reynolds stresses normalized by free stream velocity. If 
the data are presented against streamwise distance, as shown in Fig. 6.23, all the trends of 
the data concur with those of Castro & Epik. However, there are some distinct differences, 
the largest being in v2 at the downstream stations (Fig. 6.23(b)). The difference is more 
obvious if the data normalized by uT, as shown in Fig. 6.24. Given the skin friction was 
measured by Preston tube in their study, this might be the reason for larger differences.
Regarding to recovery boundary layer, a possible answer could be obtained from the present
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experiment. Bradshaw & Wong (1972), Jovic (1993) and Song et al. (2000) stated that 
the inner layer developed the canonical form more rapidly than the perturbed outer layer. 
DeGraaff, Webster & Eaton (1999) also argued that the inner layer began to recovering 
its canonical form as soon as dr/dx  recovered towards flat plate values in their study of a 
boundary layer recovering from a region under strong adverse pressure gradient. However, 
Castro & Epik (1998) and Alving & Fernholz (1996) concluded from their recovery mea­
surements (after reattachment) that the inner layer could not develop normally until the 
outer flow had become more normal. These two different conclusions may be attributable 
to difference between the experiments. Taking Song et al. (2000) as an example, the bound­
ary layer thickness at separation is comparable with the bubble height, while the boundary 
layer thickness is extremely thin compared to the bubble height in Castro & Epik’s case. 
The boundary layer upstream of separation was turbulent in Song’s case, and is laminar 
in Castro & Epik’s case. Song et al. (2000) also suggested that this difference might be a 
cause for differing downstream behavior. The boundary layer upstream of separation was 
laminar and thin in present study.
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F ig u re  6.1: Boundary layer thickness versus streamwise distance
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F ig u re  6.2: Skin friction coefficient for unswept case
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F ig u re  6.3: Deviation of Skin friction coefficient in percentage, C'^per
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F ig u re  6.4: Static pressure (arbitrary reference pressure) for unswept case
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F ig u re  6.15: Skewness and flatness factors
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F ig u re  6.15: Skewness and flatness factors(cont)
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F ig u re  6.16: u-component energy spectra at various streamwise stations along a locus of 
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Measurements of velocity spectra were made along this line
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F ig u re  6.18: frequency variation with distance of significant peaks from the velocity 
spectra of Fig. 6.16
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F ig u re  6.19: u-component energy spectra normalized by u2.
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F ig u re  6.21: Shear stress balances normalized by x 103
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F ig u re  6.21: Shear stress balances normalized by x 103(cant)
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F ig u re  6.22: Comparison of Reynolds stresses
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F ig u re  6.22: Comparison of Reynolds stresses (cont)
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C h a p t e r  7
Singly Swept Leading Edge
In this chapter the measurement of mean velocity, Reynolds stresses, Kinetic energy balance 
and shear stress balance are compared with the unswept case. The distance to reattach­
ment, X r is again measured in the streamwise direction, not normal to the leading edge, 
see Fig. 7.1.
7.1 Mean Velocity Measurement
Pulsed-wire measurement of Cfx and C/z were made at the x  stations denoted * in Ta­
ble 7.1. Only streamwise component Cfx could be obtained from the mean velocity profiles. 
Both sets are shown in Fig. 7.2. The difference in Cfx between the two methods in per­
centage, Cfx>per, is shown in Fig. 7.3. Also shown in Fig. 7.3(a) is the deviation for unswept 
case, which is always higher than the swept case at all x  stations, indicating a slower re­
cover of that flow. If streamwise distance is normalized by X r cos 0, the decrease trend 
is similar for both cases, giving support to what Kaltenbach Sz Janke (2000) concluded 
in his DNS investigation behind a swept, backward-facing step that the recovery into a 
two-dimensional boundary layer proceeds faster with increasing swept angle due to the in­
crease of separation bubble length, X r , indicating that X r cos 0 in some respects is a more 
suitable normalization scale. At x j X r = 14.58, the deviation between pulsed wire probe 
and that inferred from the logarithmic law of the wall is less than 1%, which is within the 
limit of uncertainty in the measurements.
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T able 7.1: Axial measurement stations for singly swept leading edge 
_________________X r =  48mm Sr = 10.5 6mm_________________
x(mm) 100 200 300* 400* 500* 600 700* 800 1000 1200
x / X r 2.08 4.17 6.25 8.33 10.42 12.5 14.58 16.67 20.83 25
(x — X r)/8r 4.92 14.39 23.86 33.33 42.8 52.27 61.74 71.21 90.15 109.09
* The position with pulsed wire plug
As stated by Horton (1972), On condition of pressure gradient parameter less than 0.05, 
the flow in the local external streamline direction conformed well with empirical law for 
fully-attached two-dimensional layers with regard to the mean velocity profiles, shape pa­
rameter relationships and skin friction laws, and the 2D relationships may be applied to the 
streamwise flow in 3D layers. As shown in Table 7.2, the pressure gradient parameter for 
singly swept case are less than 0.0006 thus this flow meet the condition Horton suggested. 
The development of the mean velocity is similar to the unswept case, though it is quicker 
slightly.
T able 7.2: Pressure gradient parameter for singly swept leading edge
x(mm) 300 400 500 700
(v/pul)dp/ds(x  104) -5.80 -5.01 -4.23 -4.55
The mean velocity profiles in Fig. 7.4 are very similar to those of the unswept case. At the 
first three stations ( in this figure) the velocity profiles have shapes very close to tha t of the 
standard logarithmic law, for a substantial distance from the wall. Development towards 
the standard inner layer occurs more quickly for the swept case. There are no evidence of 
quicker development for the swept flow in term of mean velocity profile in outer layer scales, 
as shown in Fig. 7.5; the development trend is similar to the unswept case. The deviation 
of streamwise mean velocity A U+ decreases quickly with the streamwise distance, as shown 
in Fig. 7.6 for both unswept and swept cases. A U+ for the swept case is slightly lower 
than that of unswept case.
The spanwise velocity W  decreases with the streamwise distance, as shown in Fig. 7.7. The
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maximum in the first station is more than 4 times of the maximum in the final station. 
Fig. 7.8 shows how quickly W  ( at 2/ /J 99 = 0.25) changes with streamwise distance; far 
downstream of flow the degree of three-dimensionality is weak. In the free stream W  
becomes negative for latter stations. It is not clear why this is, since it is presented the 
free shear should maintain an axial direction. The implied flow angle, however, is small 
at < 0 .6 ° , and it is supposed the probe alignment may have been in error to this extent. 
Possibly, the flows in the end walls might have been sufficiently different to force this slight 
cross flow. No checks were made in this regard. No realignment of axis has been made to 
force W  to zero in the free shear. Modified W  by supposing the negativity caused by the 
mis-alignment, is shown in Fig. 7.7(b). Rest of the W  presented are all modified. Alignment 
error of this magnitude have negligible effects on second and higher order moments.
A very interesting feature of these profiles is that W  remains positive in outer layer at 
early stage of development. Hardman (1998) found the same phenomena in his separation 
measurement as well, which was not observed in the work of Hancock & McCluskey (1997). 
Hardman accounted this phenomena to the result of the flow accelerating in the x' direction 
because of the blockage effect of the separation precess. The increase in U’ gives the positive 
contribution of W.  Similarly, the accelerating in x ’ was the reason to cause positive W  in 
our case, but these increase in U' was caused by the favourable pressure gradient in stead, 
as shown the pressure gradient in Table 7.2. This positive W  actually gives the flow a 
inviscid skewing, and it vanishes at later stage of development.
An alternative way to present spanwise and streamwise mean velocity together is to use 
‘polar’ plots which was suggested by Johnston (1960). W  is plotted against U at all the 
streamwise measurement stations listed in Table 7.1, as shown in Fig. 7.9. The solid line 
in Fig. 7.9(b) is the direction of surface shear stress measured by pulsed wire skin friction 
probe. The surface flow angle obtained by skin friction probe and cross wire agree to each 
other within about 2.5°. Note the accuracy of alignment of the skin friction probe were 
only 1°. The difference seems large in the graph due to dramatic different scaling of the 
axis.
Hancock & McCluskey (1997) confirmed the finding of Johnston for the three-dimensional
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boundary layer that W  and U varied according to a ‘velocity triangle’. Namely, W  and U 
varied quite linearly with one another (with different slopes) in the inner and outer layers, 
forming a triangle. Furthermore, a proportional relationship between W  and U in the 
inner layer implies that the flow is coplanar in this region. Moreover, the linear variation 
of W  with U collapsed at different downstream locations in outer layer. Unfortunately, to 
the probe size, we could not get measurements deeper into the inner layer, except at the 
station x / X r = 14.58, does W  indicate a clear ‘corner’ to the triangle. However, the linear 
relationship between W  and U is clear in the outer part of the flow, and they do collapse 
at different downstream locations with modified W.
7.2 Reynolds Stresses
Profiles of u2,v2, w2 and uv normalized by skin friction velocity are given in Fig. 7.10 both 
in inner and outer-layer scales. The Reynolds stresses are all lower than standard value 
at some development stage, as observed for the unswept case, w2 in inner layer scale at 
x / X r =  25 is above the standard line; while it is below the standard line in outer layer 
scale at same station. The reason could be the rate of ■ between these two scaling for 
standard and present are quite different.
Profiles of u2,v2, w2 and uv normalized by free stream velocity are given in Fig. 7.11. 
Fig. 7.11(6), (d), ( /) , (h ) make comparison with the data from unswept case at y / S g g  = 0.2 
and y / 5 g g  =  0.5. The developing trend are in good agreement after x / X r = 6.25, though 
before that not all the Reynolds stresses agree well with unswept data. The difference 
might be the data scatter resulted from the high turbulence thinking of the significant 
high level of the stresses just after attachment.
In the unswept case the Reynolds stress uw is zero theoretically, Importantly it was mea­
sured to be very small compared to other Reynolds stresses, uw for the swept case is shown 
in Fig. 7.12, where a decreasing trend is clearly seen, as also shown in Fig. 7.13, which is 
uw versus streamwise distance (at y / S g g  = 0.25). At the early stage of the development uw 
decreases sharply with the streamwise distance, whereas it decreases slowly later on. There
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is no evidence of any tendency to non-monotonic behavior, as arises in the ‘undershoot’ 
seen in other stresses.
All the Reynolds stresses are still decreasing at the final streamwise station (x / X r = 25, 
though it has 2.2Xr more streamwise distance to develop, compared to unswept case), 
indicating the slowness of the development. The Reynolds stresses and q2 at y / S g g  = 0.25 
changing with the streamwise distance normalized by X r cos 6 is shown in Fig. 7.14. All the 
Reynolds stresses at y / S g g  = 0.25 decrease quickly with distance until x / X r cos 0 «  9.52, 
after which the decrease is strikingly much slower.
The difference in Reynolds stresses between the unswept and swept cases are small at all 
streamwise stations except the first, namely x / X r = 2.08, where there is a clear differences, 
see the profiles of Fig. 7.15 (Note, if the streamwise distance normalized by X r cos0, the 
value should be same for both swept and unswept cases). The stresses at the first station are 
lower in the swept case should be genuine, since, as pointed out by Hancock Sz McCluskey 
(1997), the stresses within and someway downstream of the bubble largely scale on the 
component of free stream velocity perpendicular to the leading edge.
Profiles of q2 normalized by u2 are shown in Fig. 7.16. Only first three x  stations are shown 
in order to high- light the difference at early development stage. The difference between 
the two case are very small though the level of swept case is lower than unswept case. 
This is in line with the separation bubble measurement of Hardman (1998). He found that 
with sweep angle the separation bubble has become lower, thus decreasing the radius of 
curvature of the flow. He further stated that if the stabilizing streamline curvature plays 
a part in the turbulence structure, q2 may be lower for the swept flow. This measurement 
confirmed his statement.
The turbulence structure parameters uv/q2 and v2/u 2 are similar to the unswept case, 
as can be seen from Fig. 7.17 and Fig. 7.18, though the peak value of v 2/ u 2 at first 
measurement station x / X r = 2.08 is about 20% higher due to distinctly higher value of v2 
(Fig. 7.15(b)). In contrast the parameter w2/ u 2 is totally different from tha t of unswept 
case, see Fig. 7.19. It is higher than the standard value across the boundary layer at all 
measurement station, comparing to the lower than standard for unswept case. At the
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first measurement station, x / X r = 2.08, w2/u 2 increases with the distance to wall, and 
it is nearly 3 times of the standard value at the edge of the boundary layer. Further 
downstream, the profile flats out. Furthermore, it collapses with the standard boundary 
layer at inner layer at the final measurement station, x / X r = 25, though it is slightly 
higher than standard value further out of the boundary layer.
Three main reasons are accounted for changing the turbulence structure by Anderson 
& Eaton (1989) in the study on pressure-driven three-dimensional turbulence boundary 
layers. First, the additional strain rate dW/dy  (which is zero in two-dimensional boundary) 
distorts the turbulence structure. Secondly, new production terms appear in the Reynolds 
stress transport equations when the extra strain rate is applied. Finally, the boundary 
conditions are changing. The three dimensionality (extra strain applied on the boundary 
layer as shown in Table 1.1 ) in the swept case is the reason for the changing from the 
unswept case.
7.3 The Higher Order M oments
The triple moments of the swept case show no big differences from the profiles of the 
unswept case, given in Fig. 7.20 for 2 <  x / X r < 21. The major big difference is tha t u2w 
and w3 are infinite compared to unswept case ( where they should be zero), though they 
are still small compared to other triple products. In the early stage of development w3 has 
a positive peak, while diminishes further downstream, and w3 is negative near the wall. 
u2w develops a peak at about y/Sgg =  0.3 at all measurement stations, though the level is 
very small even at the first station.
The development of maximum level of u3 and v3 are similar to those in the unswept case, 
as shown in Fig. 7.21, though the level of v3 far downstream is slightly lower than that of 
unswept case. The development of other triple products are shown in Fig. 7.22; they all 
decrease fairly quick as expected.
Fig. 7.23 gives the profiles of skewness and flatness factors. At all measurement stations
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inside y /^ 9 9  0.3, the flatness factors for u , u and ru are collapse to 2.8, 3.4, 3.4, respec­
tively. which are the values suggested by Fernholz & Finley (1996), The unswept flow 
showed this feature as well. As mentioned in § 6.3, the skewness Sw must be zero in a truly 
two-dimensional boundary layer since all odd higher order moments of w are zero because 
of the symmetry in the lateral direction. Sw for the swept case crosses zero in the middle 
of the boundary layer, being positive in the outer part and negative in the inner part. At 
last station Sw is negative across almost all of the layer, and it appears it might never go 
to zero very far downstream.
7.4 Spectra
Spectra were measured at the same x-stations as in the unswept case ( not at same x / X r). 
Fig. 7.24 shows those just inside the separation bubble where v!JUe = 2.5%. Although the 
shapes and level of the spectra are all very comparable with those of the unswept case, 
there is a clear effect of the cross flow on the vortex pairing in the early part of the bubble 
is shown, but a negligible effect on the subsequent cessation of paring in the later part 
of the bubble. Fig. 7.25 shows the pairing and cessation for both the swept and unswept 
cases, where the slight differences in the early stages can be seen. At least to a first 
approximation, the paring stage appears to scale on the free stream velocity component 
normal to the separation line. Note, x / X r is unchanged by this coordinate transform. 
Low-frequency motions are still present at the first station (0.04Xr), they are about twice 
that in the unswept case, implying the modification of the entrainment process by cross 
flow (Cherry et al. 1984), but further downstream they are at about the same frequency. 
The low-frequency motions do not persist into the flow downstream of the bubble which is 
similar to the unswept case.
Although the spectra are similar for the two cases, the profiles of the traverse locus for 
2.5% local intensity, y, is significantly different, see Fig. 7.26. The height is similar in 
the first half of the bubble with the value in swept case being slightly higher than in the 
unswept case. However the profile is very different in the second half of the bubble. For
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the swept case the height does not change very much in the second half of the bubble 
while it grows steadily for unswept case. Further downstream the two heights are more 
comparable, see Fig. 7.27, the boundary layer thickness in all measurement stations. The 
trend of the boundary layer thickness development is very comparable for the two cases. 
The strain rate of d W /d y  caused by the presence of spanwise velocity somehow depresses 
the turbulence near the outer edge in the second half of the separation bubble but with 
less effect on the mean flow field.
In order to measure the dissipation rate, the spectra at two x-stations were measured
throughout the boundary layer, corresponding to two of the four x-stations for turbulent
kinetic energy and Reynolds shear stress balances. Fig. 7.28 shows the profiles of the 
spectra at different vertical station. There are no major difference between the unswept 
and swept cases.
7.5 Energy Balances
For spanwise-invariant flow A  =  0; where z' is defined in Fig. 7.1. Therefore, we have at 
constant y, U = fi (x ' ,z ') ,  V  = f 2 (x ' , z f) and W  = fs(x' ,z') .  As a consequence, gradients 
with respect to z  are straight forward to evaluate. Taking U as an example,
Jrr d U  . , dU . , _
dU = w dx +  d ? dz ( 7 - 1 }
where dx' and dz' correspond to a change of dz. But, according to the definition of spanwise 
invariant flow, the second term of right hand is 0. Hence dividing both sides by dz
dU dU dx '
T z  =  a *  5 7  ( 7 - 2 )
Consider the change of dx'
dx' =  dz sin 6 
where 0 is the sweep angle in Fig. 7.1, then
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Now dx' = dx cos 9, so
?  =  ^ t a n 0  (7.3)
dz ox
similarly,
dV d V .
az ox
dW d W  —-  =  tan/9
Based on the equations above, Eq. (3.12) could be further simplified. Therefore the advec- 
tion, product, and transport terms are as below
1. advection: —(U + W  t a n # ) | |  —
2. production: - u v ( ^  + % ) - u w { ^ t a , n 9  + ^ ) - v w { ^ t & a 0  + ^ ) - ^ - ^ -
«)2^ t a n 0
where vw is a term that is difficult to measure. It has been supposed that the 
associated contribution to the production is negligible.
Furthermore, for spanwise invariant flow, there exists:
dU' dV'  
dx' dy'
and V 1 — V^y’ — y, then
d V  _  dU' 
dy dx'
and U' = U cos 9 +  W  sin 9, dx' = dx cos 9, so
d V  (dU d W
% = - (^ + a ^ w )  ( 7 ' 4 )
Hence the term of —u2 ~ w2^  ^an 0 can be further transformed to give
dU —  — d W  ___  —
——  (u2 — v2) — -— tan 9(w2 — v2) 
dx dx
The reason to evaluate ^  in this way, rather than from measurements of V,  is that 
it is expected it should be more accurate.
3. Diffusion: - ^ - ^ - ^ t a n 9
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Turbulence energy balances were calculated at four x-stations, x / X r = 4.17, 8.33, 16.67 
and 20.83. The profiles are shown in Fig. 7.29. Since < 0.045, the flow meets the 
assumption of a thin shear layer. In general the sum of streamwise and lateral parts of 
turbulent transport of kinetic energy, — ^  tan 0 , is small compared with the cross
stream term —7^ .
As in the unswept case, energy is lost in inner half of the layer by turbulence diffusion 
and the peak of the diffusion flattens out downstream. The advection term gains energy 
in inner half of the layer and loses energy in outer half. At x / X r =  4.17, the level of the 
advection and production are lower than those of the unswept case. As a consequence 
the dissipation is much lower than that of unswept case compounded by a similar level of 
diffusion for both cases. The dissipation is even lower than the diffusion term.
The dissipation rate obtained by the two methods are different in the middle of the bound­
ary layer at at x / X r = 8.33, making the author doubt if it is suitable to neglect pres­
sure term in this case at this x  station. At x / X r = 16.67, the difference is less than at 
x / X r = 8.33, reaching an acceptable level.
Further downstream, the differences between unswept case and swept cases are less signif­
icant than at x / X r = 4.17. At x / X r = 8.33, the level for each term is comparable with 
its unswept counterpart except the profile shape of diffusion is slightly different for swept 
case near y / S g g  = 0.2. The profiles of turbulent energy balance terms at x / X r = 16.67 
are comparable for both cases, though the level of the advection term is slightly higher 
for swept leading edge. Further downstream, x / X r =  20.83, the profile is nearer to the 
standard boundary layer though production and advection are still higher.
7.6 Shear Stress Balances
Similar to the energy transport equation, Eq. (3.15) can be further simplified to spanwise 
invariant form, and terms for convection, generation, diffusion became as follows:
1 . convection: - U ^ - V ^ - W ^ t a n 0
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2. generation: - u 2f f  -  v2%  -  uv{%  +  f£ ) -  v w %  tan 9  -  u w %  tan 9
By using Eq. (7.4), the terms uv ( +  f^ ) can be changed to - u v ^ -  t a n 0, and it is 
the final form used to calculate the generation term. Again, the vw  term  has been 
approved to be negligible.
3. Turbulent transport: —
The contribution to the shear stress convection from, - U ^ -  — W ^ - t a n O  turns out to 
be small compared to that from —V ^ - .  Fig. 7.30 gives the shear stress balances at 
x / X r =  4.17, 8.33, 16.67 and 20.83.
At x / X r = 4.17, compared to unswept case, the levels of convection and generation are 
smaller though the level of turbulent transport is similar. As a results, the level of de­
struction is quite a bit less. Further downstream the differences between the two cases 
become progressively smaller, and even at x / X r = 8.33 the differences are not large. At 
x / X r of about 20, the convection and turbulent transport term are nearly zero all across 
the boundary layer thickness.
7.7 Vorticity Development
By definition, the streamwise vorticity is £ =  ^  , and the spanwise vorticity is £ =
f -  — f C o m p a r e d  to is negligible small. Similarly, is much smaller than
Fig. 7.31 gives profiles of £ and (  at different x-stations including the terms of and 
C is negative through the whole layer thickness at all measurement stations. However £ 
is positive through most of the layer, but is necessarily negative near the wall as can be 
inferred from the spanwise mean velocity profile Fig. 7.7(a).
The profile of £ flattens out downstream, though it retains a peak at all measurement 
stations as shown in Fig. 7.32 (calculated ignoring - the level of £ is nearly identical to 
that including |^ ). The shapes of the profile always change with streamwise distance, and 
Fig. 7.32(b) shows how the peak of the profile develops.
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Comparing the spanwise vorticity with unswept case, the development and shape of it are 
rather similar, see Fig. 7.33. At the first three x-stations, upstream of x / X r «  6, the shape 
of the profile is different from other x  stations. After x / X r = 6.25, the profiles collapse 
fairly closely together through-out the boundary layer.
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F ig u re  7.1: Velocity directions in different coordinate system
x1, u 1
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A Swept (log-law fit)
x / X r
F ig u re  7.2: Skin friction coefficient Cfx
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F ig u re  7.3: Deviation of Skin friction coefficient in percentage, C'$x per
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F ig u re  7.10: Reynolds stresses, normalized by v%.
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F ig u re  7.10: Reynolds stresses, normalized by w^(cont)
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F ig u re  7.11: Reynolds stresses, normalized by U%
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F ig u re  7.11: Reynolds stresses, normalized by U% (cont)
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F ig u re  7.15: Reynolds stresses comparing with unswept case
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F ig u re  7.15: Reynolds stresses comparing with unswept case (cont)
CHAPTER 7. SINGLY SW EPT LEADING EDGE
<N V-43
o
o A 2.08Xr(swept)
$ □ 4.17Xr(swept)
A 6.25Xr(swept)
© 2.38Xr(unswept)
0
* □ 4.76Xr(unswept) 
a  7.14Xr(unswept)
♦  o
□i
□a
□
□
\  -  A
A A [H
A A A °  B
A A o
aA □ 0
□
A
•  D*  I a ^  P
0 .2  0 .4  0 .6  /  r  0 .8  1 1
y/om
F ig u re  7.16: q2, comparing with unswept case
0 .1 6
CMCr<
i s
S 3 0 .0 8
♦  2.08Xr 
D 4.17Xr 
A 6.25Xr
•  8.33Xr 
x  l0 .42X r  
+ 12.5Xr
-  14.58Xr
-  16.67Xr 
X 20.83Xr 
o 25Xr
 Standard
n  A °
F ig u re  7.17: Profiles of uv/q 2  for singly swept case
CHA PTRR 7. SINGLY SW EPT LEADING EDGE 190
|(N II 3
♦
4 2.08Xr
□ 4 .1 7Xr
♦
A 6.25Xr 4
• 8.33Xr 4
X 10.42Xr □ □
+ 12.5Xr ♦
- 14.58Xr A X •
■ - 16.67Xr 4 S-X 20.83Xr
0 25Xr
Standard B X +A  ■  O
♦  *  X
-
♦  □ V
J h♦ A X
Q  O
0  £  x  •  *  o
■* - V  -X  0
X
X
+E
------ A
'  O +
— A~ x +
X * t -
t f T *
-  -  x 0  O ------
-  x  o x °  °  \
0
0.8
y / 8  9
F ig u re  7.18: Profiles of v2/ u 2 for singly swept case
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F igu re  7.19: Profiles of w2/u 2 for singly swept case
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F ig u re  7.20: Triple velocity moments normalized by Ul 
( Note the change of the scale)
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F ig u re  7.20: Triple velocity products normalized by U% (cont)
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Figure 7.23: Skewness and flatness factors
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F ig u re  7.23: Skewness and flatness factors (cont)
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F ig u re  7.31: Streamwise and spanwise vorticity (s-1)
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F ig u re  7.33: Spanwise vorticity (s-1) at all stations
C h a p t e r  8
Doubly Swept Leading Edge
In the central region of downstream of doubly swept leading edge the flow is fully three- 
dimensional, and is more difficult to develop to a standard boundary layer in terms of mean 
velocity and turbulence properties.
The flow properties in the spanwise invariant region will be discussed as well as the data 
from the central region, where for the former the data at z — — 2.08Xr will be taken as 
typical.
8.1 Mean Velocity Measurement
Same as the other two cases (Chapter 6 and Chapter 7) the pulsed-wire skin friction mea­
surements were measured at the x-stations corresponding to the plate plug positions as 
given in Table 8.1. The profiles of Cfx and Cfz on the central plane (z = 0) are shown in 
Fig. 8.1, together with is C/x obtained from the Clauser chart. The levels from the later 
are always smaller than that of the pulsed wire values, by between 4% and 14% as shown 
in Fig. 8.1(a). The very low level of Cfz compared to Cfx in Fig. 8.1(b) gives support to 
the flow being closely symmetrical about the z  axis. The differences in Cfx by the two 
methods in percentage, Cjxper, is shown in Fig. 8.2, also shown in this figure are the data 
for swept and unswept cases, from which it seems the doubly swept case establishes a 
standard logarithmic region earlier than the other two cases. Unless otherwise stated the 
reattachment length scale X r is that for the adjacent spanwise-invariant regions, for which
208
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X r = 48mm.  Using this length simplified comparison with the singly-swept case.
T able 8.1: Axial measurement stations for doubly swept leading edge 
_________________ X r = 48mm 5r =  24.49mm_________________
x(mm) 100 188* 288* 388* 400 500 588* 800 1000 1100
X /X a 2.08 3.91 6.0 8.03 8.33 10.42 12.25 16.67 20.83 22.92
(x -  X a)/5a 2.12 5.71 9.80 13.88 14.37 18.46 22.04 30.71 38.87 42.96
* The position with pulsed wire plug
Any pressure gradient effect can be ignored in this case too, as pressure gradient parameter 
§f ^ 3  is less than 0.001, though it is slightly larger than the other two case. See Table 8.2.
T able 8.2: Pressure gradient parameter for doubly swept leading edge
x(mm) 188 288 388 588
(v /pul)dp/ds(x  10-4) -10.0 -6.63 -5.71 -5.74
Fig. 8.3 shows the mean velocity profiles both in inner layer and outer layer scales, where 
A is the Rotta-Clauser thickness parameter, defined in §6.1. Of course the usual ‘dip5 
below the standard log-law after separation is shown in here also. Although the boundary 
layer appears to establish a standard log-law region quicker for the doubly swept case in 
the central plane, the distortion in the outer layer is much more severe than it is in the 
other two cases, and this distortion would need a longer distance to disappear. As seen 
in Fig. 8.3(b) in outlayer scales, the distortion is still significant at the final measurement 
station x / X r =  22.92. This distortion is different from the distortion at outer layer for 
unswept and swept cases, mentioned in § 6.1 and § 7.1, which are both qualitatively much 
like boundary layer profiles under the adverse pressure gradient. There, it seems the log 
law region extends to about y/Sgg =  0.6 ~  0.7, which was discussed by Simpson (1996). On 
the contrary, the distortion in the central region is other way around. Here, a logarithmic 
behavior has a shorter extent than usual. The level in the outlayer is below the level of 
the standard law, and there exists ‘plateau’ and ‘step’ in the outer-layer region, which 
corresponds to the peak of the Reynolds stresses. The peaks in the Reynolds stresses near
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the step, discussed later, do not occur necessarily in the centre of the step where dU/dy  is 
largest.
If the streamwise mean velocity U is represented in contours, as shown in Fig. 8.4 for x  
stations x / X r = 2.08, 8.33, 16.67 and 22.92, interesting features are revealed. The contours 
of U are not unlike those of a vortex pair embedded in a turbulent boundary layer with a 
common up-flow, which have been studied by several authors-eg, Pauley h  Eaton (1988), 
Mehta & Bradshaw (1988), Kim & Patel (1994) and Patel & Sotiropoulos (1997). An 
up-flow is to be expected from the circulation in the separation ‘bubble’ combined with 
the flow leaving the rear of the bubble. Fig. 8.5 shows the boundary layer thickness, £99. 
The contours away from the centre in Fig. 8.4 and Fig. 8.5 are not constant because the 
z-axis is not parallel to the separation line. A striking feature of the profiles of U is that 
the shape of the bulge is almost constant.
The bulge shape seen in Fig. 8.4 and Fig. 8.5 can be defined in terms of the height on 
the centre-line (Z = 0) and spanwise-invariant region and a width at, say, the half-height 
position, which is shown in Fig. 8 .6 , where <5gg0 is that at the central plane and the height 
of £99^ is the average boundary layer thickness in spanwise-invariant regions on both side 
of the V . Curiously, as can be seen in Fig. 8.7, 5gg0 grows in almost exactly constant 
proportion to the height of the spanwise-invariant (eg, the singly-swept) flow, by a factor of 
about 2.8. Accordingly, as given in Fig. 8 .8 , the width of the bulge also increases in about 
constant proportion to the height. Thus the shape of the bulge, rather than spreading to 
in width and decreasing in relative height as might have been supposed, grows at almost 
constant shape, apparently indefinitely, shown in Fig. 8.9, the growth rate are rather similar 
for hight, width and the peak of boundary layer thickness, the £gg0, though there are some 
scatter of the data. If the shape is preserved indefinitely then if follows that at least some 
features of the flow near its origin are retained. Such a feature can be expected of wake 
type flows but not boundary layers (or mixing layers) where the fixed velocity difference 
always ensures as energy input. The development of spanwise mean velocity, IT, in the 
spanwise-invariant region, shown in Fig. 8.10, is similar to that of the swept case, though 
in the early development stage the level for doubly swept case is lower than tha t of singly 
swept case. As observed for the singly swept case W  changes sign at the outer edge of
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some profiles for the same reason with singly swept case; the modified data are also shown 
in Fig. 8.10.
Contours of spanwise mean velocity are shown in Fig. 8.11 at x / X r = 2.08 and 8.33. On 
the central plane of the contour the velocity is nearly zero, adding support to the flow 
being symmetrical about the central plane. The gradient of spanwise velocity decreases 
further off from the central plane, indicating that the flow is characterized by two spanwise 
converging flows. Thus the flow stabilized at a constant, indicating the region of spanwise 
invariant. Above a certain height(y), the spanwise velocity changes sign as discussed for 
the singly swept flow. The cause of this change W  is the same as that in singly swept case 
( see § 7.1).
Contours of the strain rate dU/dx  are shown in Fig. 8.12 for two x-stations, x / X r = 8.33 
and 16.67. Not surprisingly there exists a bulge in the central region as well, which has an 
overall shape that is similar in width and height as the contours of the mean streamwise 
velocity, U. Moreover the region is confined between roughly z = ± X r. However, the top 
part of the bulge in dU/dx  is of opposite sign to that below. Referring to the boundary 
layer thickness profiles in Fig. 8.5, the outer curve of the bulge for strain rate dU/dx  is 
comparable with the boundary layer thickness. Below y/Sgg «  0.7, on z = 0, dU /dx  is 
positive, whereas above that it is negative; this change of sign only arises inside the central 
region of the bulge. Beyond the bulge dU/dx  is negative since this is the feature of the 
growing boundary layer.
The variation of strain rate d W /d z  is similarly confined in the bulge area as defined by 
contours of U, as shown in Fig. 8.13 at x / X r = 8.33 and 16.67. Again, there is a region 
of negative d W /d z  (bottom) and a ‘cap’ region(top) above that where d W /d z  is positive. 
A negative d W /d z  means converging flow and positive value means diverging flow. The 
negative region is larger at x / X r =  16.67 in terms of its height but narrower in terms of 
its width and the absolute level of the negative d W /d z  is lower. In contrast the maximum 
positive value in the ‘cap’ does not change with streamwise distance, or at least changes 
relatively slowly. At x / X r = 16.67 and z — 0, the maximum positive value in the ‘cap’ is 
comparable to the most negative value, and the contours is slightly asymmetrical.
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Fig. 8.14 gives contours of the strain rate dU/dy  at the same streamwise stations. Again 
the overall shape is much the same as that for [/, as would be expected.
The spanwise mean strain rate d W /d z  is not the only ‘extra strain rate’ to change with 
the spanwise position at the central region, where in this terminology dU/dy  is the pri­
mary mean strain rate. These strains usually result in large effect on the turbulence 
structure. Keffer (1963), for example, was one of the first to show that the lateral con­
vergence/divergence has such an expectedly large effect. Bradshaw (1973) suggested a 
simple formula to qualitatively predict the effects of weak extra strain rates on turbulence 
quantities,
1 +  AS W  (8 1 )
where e is extra strain rate under studied and A is the unexpected largeness of the effect 
of the extra rates and is the order of 10. As an example of dUejdy, Fig. 8.15 shows contours 
of (dW/dz)/ (dU/dy)  at x / X r = 8.33 and 16.67. Since the ratio ranges from 0 .2  to -0 .2  
in the central region, the spanwise strain rate is likely to have a large effect on turbulence 
structure leading to significant changes in Reynolds stresses and high order moments, 
energy balances and so on. The discussion about these terms will be detailed in the 
following sections. Note, above about y = 25mm, the ratio (dW /dz ) / (dU/dy)  becomes 
very scattered and so is not shown in Fig. 8.15.
8.2 Reynolds Stresses
Fig. 8.16 shows the profiles of u2, v2, w2 and uv normalized by skin friction velocity uT on 
both inner and outer layer scales at central plane (z =  0). Each of these profile sets have 
peak level well above those for the standard boundary layer, by an order of magnitude in 
some cases (eg, u2). The position y/599 of these peaks depends on the stresses in question. 
That for it2, and also uv , is roughly 0.7, while that for v2 is roughly 0.5 and tha t for w2 
roughly 0 .2 . The more inward position for the peak in w2 was also noted by Castro &
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Epik. As might be anticipated, the peak in u2 is close to the steep gradient (‘step’) in 
dU/dy  (Fig. 8.3), the production of turbulent kinetic energy coming primarily through 
the production of u2. Near the wall u2 and uv conform to inner layer scaling, at least 
approximately, v2 and w2 in contrast are much slower ( in terms of x / X r) to conform. 
Only u2 and uv fall lower than the level in the standard boundary layer, and is more 
marked for uv. In that u2 and uv fall lower than the standard value, and do so before v2 
and w2 both in unswept and singly swept cases, it may be the case that v2 and w2 will 
also eventually fall below the standard level, though the shape of the profiles would hint 
otherwise.
The profiles of u2, v2, w2, uv and q2 normalized by free stream velocity at both central plane 
and in the spanwise invariant region ( at z = 2.08Xr) are shown in Fig. 8.17 and Fig. 8.18. 
All the Reynolds stresses show the same decreasing trend in the whole development with 
x. The distortion of the profile is much larger than the spanwise-invariant region, and the 
maximum values are also larger. For u2, v2 and uv the maxima are about twice as large, 
and for w2 is about 1.2. Furthermore the shape of the profiles are totally different between 
the central and spanwise-invariant regions. The development and shapes of the Reynolds 
stress profiles in the invariant region are similar to those of singly swept case, though the 
maximum values are slightly larger than the singly swept case. The should of course be the 
same, and it is supposed that the normally invariant region might not have been entirely 
free of end-wall effects. Fig. 8.19 shows the development trend with streamwise distance for 
the maxima in Reynolds stresses and q2 on z  =  0, the maximum values decrease all the way 
until the last station, x / X r = 22.92, with the suggestion that almost constant levels have 
been reached. For spanwise-invariant flow comparably constant levels have been reached 
by about x / X r =  12.25.
It is possible to represent u2,v2, w2 and uv in contour form, as shown in Fig. 8.20 to 
Fig. 8.23. The changing trend of the Reynolds stresses with spanwise position is similar 
to the mean velocity, U. There is bulge in the central region and then the constant level 
further from the central plane (As noted before, the downward trend arises because z  is not 
parallel to the separation line.) All the contours of Reynolds normal stresses and uv  are 
symmetrical about z  =  0, and the outer curve of the contours is in line with the boundary
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layer thickness. Furthermore, in overall terms, the contours of the various stresses have 
comparable shapes, but with differences in detail. The contour of the Reynolds shear 
stress uv is slightly askew to negative side from the very first x  station. The askewness 
only occurs at the inner half of the boundary layer, and the outer half of the boundary 
layer still shows good symmetry, even at the last x-measurement station. Not clear why 
this occurred but there is also a slight hint of asymmetry in the normal stresses contours.
The contour of Reynolds shear stress uw is in principle antisymmetric, though as shown 
in Fig. 8.24 it is not precisely antisymmetric. On the positive side of plane ( z > 0), it is 
negative, and on the negative side of the plane the value is positive. This is consistent with 
the expectation based on the mean velocity profiles, namely, that in the bulge a positive w 
fluctuation would lead to a negative u fluctuation for z > 0. Overall the maximum value 
of positive is smaller than that of negative. One encouraging thing worth mentioning is 
that in the central plane uw is roughly zero. In overall terms, the intensity of uw  decreases 
with streamwise distance.
The ratio of uv/q2 is totally different at the central plane to what it is in the spanwise- 
invariant region, as shown in Fig. 8.25 for both at all x  stations. The changing trend and 
level of uv/q2 in the invariant region is similar to that of the singly swept case, adding 
another similarity between this two cases. Basically the level is lower than in standard 
boundary layer, indicating the lower level of uv compared to other Reynolds stresses. This 
is one of the general features of three-dimensional turbulent boundary layer claimed by 
Bradshaw & Pontikos (1987) and Johnston & Flack (1996). In the centre of the bulge 
below, roughly y/599 =  0.3, uv/q2 is extremely low, caused by the relative low level of uv 
and the high level of other normal stresses (they are at least 1.5 time of standard value 
below y/Sgg = 0.3 at first few x  stations). At the last x  station, the value and shape of uv/q 2  
are still quite different from the standard boundary layer or from the spanwise-invariant 
flow, reinforcing the slowness of the development in this area. Further out, beyond about 
y/fi99 — 0.9, uv/q2 is remarkably similar to that for a standard boundary layer, and is a 
feature that would not have been anticipated, indeed it must be regarded at this stage as 
fortuitous.
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The ratio v 2/ u 2 shows different trend to that of uv/q2. It is higher than the standard 
boundary level and higher than that of invariant flow in most parts of the boundary layer 
(above y / 6 g g  = 0.15 ), except for the first x-station. From x / X r =  3.92 to the last 
measurement station (x / X r = 22.92), v2/u 2  does not change greatly, indicating v 2  and u2 
decrease in the same ratio. The low level of v2/ u 2 at first measurement station due to the 
very high level of u2 ( the maximum value is 3.5 times of the standard maximum value), 
though v2 is high at the first measurement station as well.
The ratio of w2/ u 2 shows the same phenomena at the first measurement station for the same 
reason. Further downstream, inside y/5gg «  0.5, the level of w2/ u 2 on the central plane is 
higher than the standard value and higher than in the invariant region. For example, at 
y/5gg = 0.2, w2/ u 2 at first increases with the x  and then falls, indicating non-monotonic 
developing trend to the standard boundary layer.
In general, the Reynolds normal and shear stresses are higher near the central plane than 
elsewhere, consistent with the higher growth rate of the mean flow. Hardman (1998) made 
similar observations. He attributed this behavior primarily to the ratio (dW /dz) / (dU /dy)  
and not to d W /d y , even though d W /dy  changes rapidly near the central plane. As had also 
been argued earlier (Hancock k, McCluskey 1997), the streamline curvature, d V /d x  does 
constitute to large changes in structure. Hardman’s conclusion was verified in the study 
of unswept and singly swept cases in the last two chapters. As discussed in Chapter 7 
d W /dy  does not much change the structure of the turbulence much, though there is some 
small change of w2. For the doubly swept case, at x / X r =  8.33, the (dW /dz) / (dU /dy)  
is around 0.1 in the central region and is roughly zero in the spanwise invariant region. 
These might imply a roughly 100% increase in the maximum value of the turbulent kinetic 
energy based on Eq. (8.1). Referring to q2 maxima in the central and spanwise invariant 
regions, Fig. 8.18, this is the case.
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8.3 The Higher Order M oments
As with the second order moments, the third .order moments, Fig. 8.28 are very different 
from those of the spanwise invariant region, Fig. 8.29. The latter is very close to the 
singly swept case. The main difference between the spanwise invariant region here and the 
singly swept case is the level and development of u 2 v. At the early development stage, 
x / X r = 2.08, the level of u2v in spanwise invariant region is very small compared to that 
of v3, while far downstream the maximum of u2v is 3 times of maximum of v3.
The triple products profiles in the central region (Fig. 8.28) are very different in shape and 
level from the invariant flow, and are very different from the standard boundary layer even 
at the last x-measurement station. At there the maximum of u3  is roughly 2 times of that 
of standard value and it is roughly 3.5 times for v 3  in magnitude, which is in great contrast 
with that of invariant region or singly swept case, which as discussed in § 7.3 collapse to 
the standard value at the final measurement station above y / 5 g g  =  0.6. From x / X r =8.33, 
all the triple products except u2w have outer flow peaks at same vertical position, roughly 
y / S g g  = 0.8. w 3 and u2w should be zero on z  =  0 by symmetry. At the final measurement 
station, w 3  is comparable to the standard value of v3, and is smaller than other triple 
products. Slightly askewness of the flow might account for some of the error in w 3  and 
u 2 w , though triple products are not easily measured accurately with hot-wire anemometer, 
particularly inside y / S g g  «  0.25, where turbulence intensity is high.
Fig. 8.30 shows development of the maxima in u 3  and v 3  for both the central and spanwise- 
invariant regions, where the latter is similar to the singly swept case. In the central 
region, the maxima at the last measurement station are above those for the standard 
boundary layer which is different from spanwise invariant region, where only u 3  is above 
the standard value. The trend of the maxima for both u 3  and v3, suggests a substantially 
longer streamwise distance is needed for u 3 and v 3  to reach the standard levels-and longer 
still if then the value should undershoot, reinforcing again that the central region develops 
considerably slower than a spanwise invariant flow. Development of maxima for u 3  and v 3  
of singly swept case is very similar to that for invariant region in doubly swept case, see 
Fig. 8.30(b), though u 3  agrees better than v3.
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The skewness and flatness factors for all three velocity components are shown in Fig. 8.31 
and Fig. 8.32 for central and spanwise invariant regions, respectively. As usual the latter 
is similar to the singly swept case. Inside y / 6 99 «  0.6, the flatness factor for u, v and w 
collapse rapidly to 2.8, 3.4, 3.4, respectively, in both regions, though the process is slightly 
different. In the central region, Fu collapses to the standard value after x / X r = 6  while 
Fv and Fw collapse to the standard level at the very first measurement station, indicating 
a slower development for u. Furthermore, Fu deviates from the standard level between 
0.5 <  y/Sgg < 0.8 from the first measurement station to the last measurement station, 
indicating a flow which at most changes only very slowly, as has already been noted on the 
basis of the mean flow and Reynolds stresses. This is not seen in Fv or Fw, curiously.
The skewness factors-which tend to be more sensitive to change than the flatness factor, 
shows different development trend on z  =  0 to that of the spanwise-invariant region. The 
‘distortion’ in Su is larger than it is for Sv and Sw, and the shape is very different to the 
standard profile even at the final measurement station. Sv falls to the final value from 
x / X r =  16.67 while this happens at x / X r = 3.91 in spanwise invariant region, again 
reinforcing the development slowness in central region. Of course, Sw should be zero on 
the symmetry plane of a symmetrical flow. This is not the case, though the value is very 
near zero. The level and shape of Sw is very similar to that of unswept case and naturally 
different to that of singly swept case.
8.4 Spectra
The u-component energy spectra of central region as measured at points along a locus 
defined by u'/U  =  2.5% is shown in Fig. 8.33, and the height of the locus is shown in 
Fig. 8.34. These two sets of data are quite different from that for the spanwise invariant 
region, shown in Fig. 8.36 and Fig. 8.37. The locus height in the central region is growing 
through-out the bubble, and the growth is 2.5 times of that in the unswept case. The 
frequency information is significantly different in some respects. The high frequency peak 
changes continuously between 0.05Xr and 2Xr, whereas the change in the invariant region
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in a two-stage one, as seen in unswept case (eg, Cherry et al. (1984))-see Fig. 8.35 and 
Fig. 8.38. Fig. 8.39 shows how different these two cases are.
The locus height in the spanwise invariant region grows normally in the first half of the 
bubble, and the rate is similar to that in the unswept and singly swept flow. However, the 
locus height ceases to grow anymore between 0.5 <  x / X r <  0.75, as was seen in the singly 
swept case, as shown in Fig. 8.37.
The spectra in Fig. 8.33 also show the presence of low-frequency motions, though the peak 
associated with these is at a higher frequency than in the unswept flow, and is nearer to 
the ‘high frequency’ peak downstream of attachment. The high frequency peak appears to 
merge with that associated with low-frequency motions downstream.
Examples of spectrum used to measure the dissipation rate are shown in Fig. 8.40.
8.5 Energy Balances
The turbulent kinetic energy balances in the central region were calculated in two stations, 
x / X r = 8.33 and 16.67, and are shown in Fig. 8.41. Considering that all the mean velocity 
and Reynolds stresses in the spanwise invariant region are similar to the singly swept 
case, the energy balance should be similar too. Thus no energy balance was evaluated 
in the spanwise-invariant region. Two extra x  stations were measured 20mm upstream 
and downstream of x j X r =  8.33, in order to have better estimation of the ^  terms, in 
anticipation of higher rates of change at this x  station. (The gradient of S9 9  is in the range 
0.021 <  ^  < 0.08 after x / X r = 8.33.) Comparison with gradients inferred from the 
larger intervals(in x) confirmed that this should be more accurate.
The balances are very different from those of a standard zero pressure gradient boundary 
layer. The production magnitude has a minimum at roughly y/dgg — 0.3 to 0.4, where it is 
zero, and a peak further out, related to the ‘plateau’ and ‘step’ in dU/dy.  Advection and 
velocity diffusion are much larger than usual, and there is substantial difference between 
dissipation as measured from the spectra, and as inferred by difference after ignoring
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pressure diffusions. This difference implies a large pressure diffusion which, at x / X r =  
16.67, is larger than velocity diffusion. Note, as before, the velocity diffusion has been 
obtained by supposing vw2 = vu2 +  v2.
8.6 Shear Stress Balances
Shear stress balances were also calculated at the two x  stations, x / X r = 8.33 and 16.67 in 
the central region, as shown in Fig. 8.42. At x / X r = 8.33, inside y/Sgg «  0.35, the levels of 
destruction and generation are very comparable. Indeed, the balance inside this position 
is quite like that of a standard boundary layer(eg, Hancock & Bradshaw (1989)). Further 
out the terms are again larger. Here they resemble the form seen in a plane mixing layer 
(eg, Castro & Bradshaw (1976)). The turbulent kinetic energy balance in this region also 
resembles that of a mixing layer, but to a lesser degree. It may be fortuitous, but the 
height of 0.35(599 is about equal to the height of the adjacent invariant flows.
The terms are all smaller at x / X r = 16.67, in the outer part of the flow, but are otherwise 
quite comparable. The generation and destruction terms do not go to zero.
8.7 Vorticity Development
Profiles of streamwise and spanwise vorticity, £ and £, respectively, on the central plane 
are shown in Fig. 8.43 for both x / X r = 8.33 and 16.67. The spanwise vorticity decreases 
in magnitudes and then increases to a maximum and subsequently decrease to zero at the 
outer edge of the boundary layer. This is to be anticipated from the behavior of dU/dy  
which is the dominant contributor to £. Further downstream, the level of the peak is 
smaller and its vertical position is further outer in the boundary layer. The profile of £ is 
different to that in singly swept case, where the distortion in the outer layer is very much 
less.
By symmetry, £ should be zero on the central plane. The fact that it deviates from zero
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inside y / S g g  «  0.2, might be caused by the slightly different strength of the vorticity 
presented at either side the plane, as claimed by Mehta & Bradshaw (1988) in their study 
of longitudinal vortices imbedded in turbulent boundary layer. However, as noted earlier, 
bulge contours of some quantities are slightly offset with respect to z  =  0; a slight offset 
of the whole flow would also give £ ^  0 on z  =  0.
Contours of £ and £ are shown in Fig. 8.44. The lift up of the core of £ claimed by Pauley 
& Eaton (1988) could also be seen in the contour at x / X r =  8.33 and 16.67. The core at 
x / X r = 8.33 is about 50mm and it is roughly 70mm at x / X r = 16.67. The lifting rate is 
about the same with the growing rate of the boundary layer thickness. Only one vortex 
core could be seen in the contour, though initially there should be two from the theory. 
As mentioned earlier, the vortex at positive is slighter stronger than the negative side, 
the effect for the streamwise vorticity is that after some streamwise distance one vortex 
disappeared totally, which is the case in the study of Pauley & Eaton (1988) for unequal 
strength vortex pair with common flow up.
The decay of the peak vorticity is very rapid for both streamwise vorticity £ and spanwise 
vorticity £. As pointed out by Westphal, Pauley & Eaton (1987) in their turbulence 
measurements for single embedded vortices the Reynolds stress field in the boundary layer 
is strongly distorted by the presence of a vortex, and the distortions in the stress field 
caused enhanced diffusion of the vorticity. Perkins (1970) made similar statem ent in his 
measurement of streamwise vorticity in turbulent flow.
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F ig u re  8.16: Reynolds stresses at z  =  0, normalized by v%. (cont)
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F ig u re  8.16: Reynolds stresses at z  =  0, normalized by u .^(cont)
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F ig u re  8.16: Reynolds stresses at z  =  0, normalized by tij(cont)
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F ig u re  8.17: Reynolds stresses at all stations, normalized by U%
CHAPTER, 8. DOUBLY SW EPT LEADING EDGE 237
0.02
0 .0 1 8
0 .0 1 6
0 .0 1 4
”<0 0-012
l<MI
0 .0 0 4
-2 .08X r
♦  3.92Xr 
□ 6.0Xr 
A 8.03Xr 
+ 10.42Xr
•  12.25Xr 
-1 6 .6 7 X r  
X 20.83Xr 
X 22.92Xr
* * + +
%♦*£•*'* - - - . ’ * • 4 . D'
A +  # *   "  # A ♦
i x K X X * * * * *  *  ^  ^  **  * *  * *  x *  x x  "  _  +X X “  •  A □*  X _  A
, ■ * x + * x 4°
0 .2 0 .4  0 .6  0 .8
If/899
(c) v2  at 2  =  0Xr
gafr aP. xa+ ft.
0.01
0 .0 0 9
0 .0 0 8
0 .0 0 7
^  0 .0 0 6
-0 .0 0 5
0 .0 0 4
0 .0 0 3
0.002
+ A 
X X -
-  2.08Xr 
«  3.92Xr 
□ 6.0Xr 
A 8.03Xr 
+ 10.42Xr 
•  12.25Xr
-  16.67Xr 
X 20.83Xr 
X 22.92Xr
+ A 
X X - X , X - + A
0.8
y/8 9 9
(d) v2 at z  =  —2.08Xr
Figure 8.17: Reynolds stresses at all stations, normalized by U% (cont)
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F ig u re  8 .IT: Reynolds stresses at all stations, normalized by U% (cont)
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F ig u re  8.17: Reynolds stresses at all stations, normalized by U% (cont)
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Figure 8.18: q2 at all stations, normalized by U2
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F igu re  8.19: Maximum Reynolds stresses, normalized by U% 
Note, the maximum is the peak outside the inner layer
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F ig u re  8 .2 0 : Contours of Reynolds stress u2/U e2
y 
mm
 
y 
m
m
CHAPTER. 8. DOUBLY SW EPT LEADING EDGE 243
120
100 -
8 0 -
60 -
4 0 -
20 -
0.01
-200 -150 -100 -50 0 50 100 150 200
zm m
120
100 -
80 - r \
0.002
I  60 -
4 0 - 0.008
20-
-200 -150 -100 -50 0 50 100 150 200
z mm
(a) x j X r =  2.08
120
100 -
0.00280-
60-
0.00325
40-
-0.0005v
- 0.001 ^  
0 .0015=
20 - -0 .0005 - 
==0 .001 -  
=  0.0015: 0.002
-200 -150 -100 -50 0 50 100 150 200
z  mm
(c) x f X r =  16.67
(b) x / X r =  8.33
120
100 -
80-
E 60- 0.002
40-
0.001
” o-oo220 -
-200 -150 -100 -50 0 50 100 150 200
z mm
(d) x / X r =  22.92
F ig u re  8 .2 1 : Contours of Reynolds stress v 2/U e 2
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F ig u re  8 .2 2 : Contours of Reynolds stress w2/U e2
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F igu re  8.23: Contours of Reynolds stress uv/U e 2
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Figure 8.24: Contours
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F ig u re  8.28: Triple velocity moments on central plane, normalized by
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F ig u re  8.28: Triple velocity moments on central plane, normalized by U% (cont)
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F ig u re  8.29: Triple velocity moments at z  =  —2.08Xr , normalized by U\
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F ig u re  8.29: Triple velocity moments at z  =  —2.08Xr , normalized by U% (cont)
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F ig u re  8.30: Development of maximum triple velocity moments u3 and v 3 
(Note the log scale)
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F ig u re  8.31: Skewness and flatness factors at z  =  0
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F ig u re  8.31: Skewness and flatness factors at z = 0 (cont)
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F ig u re  8.31: Skewness and flatness factors at z  = 0 (cont)
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C h a p t e r  9
Conclusion and Further Work
9 .1  C o n c lu s io n
Experimental results of flow downstream of a three-dimensional turbulent separation ‘bub­
ble’ have been presented. Attention has been paid to set up a two-dimensional coplanar 
bubble (unswept), a spanwise invariant bubble (singly swept), and the three-dimensional 
bubble ( doubly swept). Measurements of up to fourth order moments, in all three direc­
tions, have been made in all three cases. The experimental data has been analysed and 
discussed in detail.
9.1.1 Downstream of Unswept Leading Edge
The skin friction coefficient increases with streamwise distance before reaching a peak at 
x / X r = 4 .7 6  and then decreases. There is a dip in the mean velocity when compares to 
the standard boundary layer. The mean profile conforms to the standard log law region 
roughly at x / X r =  11.9, which is consistent with several former workers’ work, though 
the shape of profile is quite different in the outer layer; it is qualitatively similar to the 
boundary layer under adverse pressure gradient.
Reynolds stresses overshoot just after attachment, then undershoots the standard value 
before they very slowly develop back to standard value, though the streamwise distance 
is not long enough to see this last phase in present investigation. In the inner layer, in
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inner layer scaling, u2 and quickly fall to that of the standard boundary layer, while 
v2 and w2 in contrast fall slowly, only reaching the standard boundary layer levels at the 
last station, x / X T = 23.81. w2 increases all the way to the wall, in contrast with the other 
Reynolds stresses which have peaks ‘remote’ from the wall. The out-layer peak in u2 shifts 
outward with increasing x, and is aligned with the inflection point in the mean velocity 
profile. Reynolds stresses are rather comparable with the data from Castro & Epik (1996).
Triple moments are extremely large after attachment, but they decrease quickly further 
downstream. The triple products have a difference from the trend of Reynolds stresses. 
Despite the quicker decrease after the peak the later development to the standard levels 
is rather slower than the Reynolds stresses but appear not to undershoot the levels of 
standard boundary layer. Skewness and flatness factors in three directions are broadly 
very similar to those of the standard boundary layer, though there are some difference at 
the early stage of the development.
The spectra measurements in this study showed the low frequency flapping feature. The 
peak frequency decreases linearly with streamwise distance over the first half of the bub­
ble, and then it becomes constant further downstream. The dissipation obtained from 
the spectra are in rather good agreement with the dissipation calculated by difference, 
confirming the assumption that the pressure diffusion terms are negligible. Advection and 
diffusion are relatively smaller than the other two terms, except in the very early develop­
ment stage. Diffusion loses energy from the inner half of the boundary, while in contrast, 
advection supplies energy to the inner half. They all decrease further downstream. The 
shear stress balances are broadly similar to those of the turbulence energy balances, but 
there is no region the generation and destruction of shear stress are small enough to permit 
“convection «  turbulent transport” .
The development of turbulence properties concur with the conclusion of Castro & Epik 
(1998) and Alving & Fernholz (1996) that the inner layer could not develop normally until 
the outer flow had become more normal, and that the development is non-monotonic.
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9.1.2 Downstream of Singly Swept Leading Edge
The singly swept flow recovers quicker than that of the unswept case in terms of mean 
streamwise velocity, in inner layer scaling. However the development should be similar if 
the streamwise distance scaled by X r cos 6, giving support of Kaltenbach & Janke (2000) 
in his D N S  study. Nonetheless the development of these two flows are in same pace if the 
mean streamwise velocity profiles are viewed in outer layer scale.
The spanwise velocity W  decreases fairly quickly with the streamwise distance. Further­
more it remains to positive everywhere in the outer layer in the early stage of development 
due to the acceleration in the x’-direction caused by the favourable pressure gradient, giv­
ing the flow an inviscid skewing. Plotted in ‘polar’ coordinates as suggested by Johnston 
(1960), a ‘velocity triangle’ is clearly seen and the surface angle obtained by skin friction 
probe and cross wire agree to each other within 2.5°.
The development of Reynolds stresses are similar to that of unswept case, though the 
normal stresses are slightly lower. As a result q2 is smaller than in the unswept case, 
giving support to the statement of Hardman (1998) that the kinetic energy may be lower 
for swept flow. Furthermore, the turbulence structure parameters uv/q2 and v 2/ u 2 are 
similar for these two cases. However w2/u 2 are very different due to an extraordinary high 
level of w2.
From the measurement of spectra, both the falling rate of the characteristic frequencies 
from the separation to middle of the bubble and the shedding frequencies in the second 
half of the bubble are similar. However the low-frequency motions at 0.04Xr are about 
twice that in the unswept case, implying the modification of the entrainment process by 
cross flow (Cherry et al. 1984). Moreover the profile of the traverse locus for 2.5% local 
intensity is different in the second half of the separation bubble, causing the development 
of boundary thickness to be different throughout the whole flow field, though the growth 
rate is similar.
In the early development stage, the levels of the advection and production are lower than 
that for the unswept case due to the lower level of Reynolds stresses. However the diffusion
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term of both cases are similar, and hence the dissipation term is even lower than in the 
unswept case. Further downstream all the terms in turbulence balance are similar. More­
over, the profile are very similar to those of the standard boundary layer far downstream 
though the dissipation is still higher, indicating a persisting phenomena in both these cases. 
Similarly, the convection and generation terms in shear stresses balance are lower than in 
the unswept case, again due to the lower level of Reynolds stresses beyond x / X r = 4.76, 
the differences become smaller and smaller. Profiles of Streamwise vorticity f  flatten out 
with streamwise distance (£ is of course zero in the unswept case). The development of 
spanwise vorticity £ are similar for these two cases.
9.1.3 Downstream of Doubly Swept Leading Edge
The distortion of the streamwise mean velocity is very different in the central region to that 
of spanwise invariant region, which is similar to the singly swept and unswept cases. The 
streamwise mean velocity profiles (contours) at a fixed x  plane is comparable to that of a 
vortex pair embedded in a turbulent boundary layer. Lateral velocity measurements show 
that in some parts the flow is converging flow and in other parts it is diverging, which is 
in line with the findings of Hardman (1998). The growth rate of boundary layer thickness 
in the central plane is 2.8 times of that in the spanwise invariant region. The growth rate 
of the height of the budge is comparable with the growth rate of the width of the budge, 
and the budge is confined inside z = ± X r.
The level and shape of Reynolds stresses on the central plane are quite different to those 
of spanwise invariant region, and only u2 and uv fall lower than standard value. However, 
given that the height of the bubble and that therefore the length scales of the large scale 
motions are larger (by about a factor 2.8) it may be that a physically longer development 
length would have been necessary to see an undershoot in v2 and w2. The structure 
parameter uv/q2, v2/ u 2 and w2/ u 2 are different to that of spanwise invariant region as well. 
The low level of v2/u 2 and w2/ u 2 at the first measurement station is due to extremely high 
value of u2 at that station.
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The triple Reynolds stresses in the spanwise-invariant region are very similar to those of 
the singly swept case, though there is a slightly difference in u2v. The values in central 
region are quite different to those of spanwise-invariant region, and are much higher. The 
falling trend of the maximum value at the last measurement station underlines the slowness 
of the development of this flow.
Prom the spectra frequency, The high frequency peak increases with streamwise distance 
all the way through the bubble until x /X r =  2, which is in stark contrast with that in the 
adjacent spanwise invariant region, where the later is similar to that of singly swept case. 
The locus of the 2.5% line on the central plane increases in height through the separation 
bubble, while that in spanwise-invariant region is similar to that of singly swept case. The 
high-frequency motion peak approaches the low frequency peak downstream of attachment, 
and these peaks appear to merge.
The energy balance in the central region is very different in the early development stage 
to that of the unswept, the singly swept and standard boundary layers. Energy is gained 
through diffusion near the wall and near the boundary layer edge, but is lost in the middle. 
The production also has two regions of gain. The dissipation obtained by two methods 
are quite different in the middle of the layer, presumably because pressure diffusion is not 
negligible. The shear stress balance is very different to the other two cases and the standard 
boundary layer. There exists a small region where all the terms are nearly zero, indicating 
no shear stress energy exchange here. Further downstream, the balance are more like the 
other two cases below y/5  = 0.4, but have peak values in the outer layer which are very 
different.
The vorticity development is qualitatively like the development of a vortex pair embedded 
in a turbulent boundary layer with a common up flow. However, here the strength of the 
up flow is much weaker. The lift up of the core of spanwise vorticity claimed by Pauley 
& Eaton (1988) could be clearly seen, and the lift-up rate is similar to the growth rate of 
boundary layer thickness.
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9.2 Future Work
The investigation of flow downstream of swept and v-shaped leading edges could be ex­
tended by considering different swept angles, including the swept forward V. One aspect of 
interest in the singly swept case would be to investigate high sweep angles-ie, those where 
the breakdown of the independence of angle occurs. As reported, this angle is about 40°. 
It would be interesting to see how the turbulence structure changes with angle both for 
the spanwise invariant flow and for the fully three-dimensional flow. A longer streamwise 
distance would be need in some cases.
Using a forward facing v-shaped geometry would give a very different three-dimensional 
‘bubble’. It would be interesting to see if the forward facing v-shaped geometry would 
generate a vortex pair with a common down flow, and, if the turbulence structures are 
similar to other flows with a (vortex pair) common down flow, whether if this would cause 
a suppressing effect on the Reynolds stresses.
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A p p e n d i x  A
Standard Boundary Layer Profiles 
of downstream of a Rounded  
Leading Edge
Two stations, X  = 460m m  and 1000mm were used for measurement in a boundary layer 
on the plate with a rounded leading edge. The profiles at station X  = 1000mm were used 
as standard boundary layer. The Reynolds numbers quoted in the figures are based on Ue 
and the momentum thickness, 6.
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Figure A .l: Mean velocity U+ profile
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1 Introduction
This paper is one of a series in an experimental study of three-dimensional sepa­
rated and reattaching flows (e.g. Hardman and Hancock 2000 [1]). The approach 
has been to keep a systematic link between the widely studied two-dimensional, 
coplanar flow and the more general case in which all rates of mean strain are 
non-zero. This brief paper addresses the flow downstream of attachment for two 
cases in addition to the reference case of two-dimensional, coplanar flow. Some 
aspects associated with the separated region itself are also given.
The first case is that in which the separation line is ’swept’ at an angle 
(25°) with respect to the upstream flow. In this case the flow is invariant with 
lateral position, i.e. ’spanwise invariant’, and is a degenerate case of three- 
dimensional flow; a cross-flow exists but not all mean rates of strain are non-zero. 
The second case, generated by a doubly-swept separation line (±25°) is more 
general in that all mean strain rates are non-zero. Moreover, and importantly, 
the flows either side of this central, general region are also spanwise-invariant 
-  the overall flow having been kept wide enough to ensure this -  providing 
a systematic link between the special case of two-dimensional flow and more 
general flow. All cases here were generated by means of a blunt thick plate 
8.1mm in thickness (as illustrated in figure 2). Measurements have been made 
using hot-wire anemometry for mean and fluctuating velocity and pulsed-wire 
anemometry for mean and fluctuating wall shear stress. The measurements 
include balances of the transport equations for kinetic energy and shear stress, 
and velocity spectra.
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